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PREFACE 
The studies reported herein comprise Part 1x1 of an investigation of 
"criteria for analysis of water distribution systems". The investigation has 
been supported by the Division of Water Supply and Pollution Control, U .S .  
Public Health Service, under Research Grant WP-526. 
Part 1. of the investigation is "A Study of Distribution System 

Equalizing Storage Hydraulics," by M, B. McPherson and R. Prasad, Civil 

Engrg. Studies, Hydraulic Eng. Series No. 6, March, 1965 

Part I1 is "Applicability of Generalized Distribution Network Head 
Loss Characteristics, '' by Richard A. Wiseman and M. B. McPherson, Civil Engrg. 
Studies, Hydra-dic Engineering Series No. 7, June, 1965. 
Part IV is "An Analysis of Distribution Demand Variations," by Cordon 
Gracie, Civil Engrg. Studies, Hydraulic Engineering Series No. 9, June, 1965. 
Work has been initiated on Part V, "Ground-Storage Booster Pumping 
Hydraulic sgt . 
For the present study, Mr. R. Prasad wrote the computer programs, 
made all computer runs and prepared Appendices I, II and 111. Professor M. B. 
McPherson, principal investigator, conducted the study and wrote this report. 
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In t roduct ion 
Remote control  o r  automatic operat ion i s  f a c i l i t a t e d  when a l imi ted  
number of pumping un i t s  a r e  required t o  meet a f u l l  year of demands. Maximum 
exp lo i t a t i on  equaliz ing  storage can r e s u l t  i n  more uniform pumping r a t e s  using 
fewer u n i t s .  
I n  some systems, over ha l f  of the  d a i l y  demand schedules of a  year can 
be met by a s ing le  pump when equal iz ing s torage  i s  provided. Under these 
circumstances the  most e f f i c i e n t  operat ion occurs when the  storage i s  permit ted t o  
f l o a t  on t he  system, but  s torage capaci ty  might not  be completely recovered a s  
o f t en  a s  ha l f  the  days during the  year.  This option i s  not  acceptable t o  some 
opera tors  because they p r e f e r  maximum pro tec t ion  aga ins t  outages o r  o the r  
unpredictable emergencies. While storage can be recovered a t  any time under t he  
f l o a t i n g  option by simply pu t t i ng  another pump on the  l i n e ,  the  r e s u l t  i s  an 
i n e f f i c i e n t  use of s torage and e n t a i l s  g r ea t e r  pumping co s t s ,  
Another option i s  t o  provide a base pump with a s u f f i c i e n t l y  high design 
head and/or  capacity t h a t  s torage capaci ty  i s  completely recovered once each day, 
This  opt ion requires  more power and makes l e s s  e f f e c t i v e  use of equalizing s torage .  
The comparative power consumption and s torage  u t i l i z a t i o n  under both 
opt ions  has been inves t igated .  Operation f o r  each a l t e r n a t i v e  was simulated by 
means of a computer, using a f u l l  year of hourly demands, Also s tudied was the  
comparative power consumption and storage u t i l i z a t i o n  when the  h ighes t  demands 
a r e  met by dual base pumps a s  opposed t o  a s ingle ,  s pec i a l  high-capacity pump, 
It i s  contended t h a t  the  designer of any d i s t r i b u t i o n  system should not 
a s sme  h i s  design w i l l  be both operable and optimal.. through considerat ion of only 
a few se lec ted  condit ions an t i c ipa ted  f o r  t h e  fu tu re .  Rather, ana lys i s  should be 
about a s  extensive a s  would be undertaken i n  designing a small water supply 
impoundment on a na tu r a l  stream. I n  add i t ion  t o  i l l u s t r a t i n g  the  e f f e c t  of the  
various opera t ing options, a  major o b j e c t i v e o f  t h i s  paper i s  t o  demonstrate the 
f e a s i b i l i t y  of system operat ion simulat ion a s  a p a r t  of normal design p r ac t i c e .  
Demand Data 
Hourly demands f o r  1963, with t he  e f f e c t  of f i r e  flows o r  outages omitted 
and a l l  da ta  reduced t o  Standard Time, were obtained f o r  the  Belmont high service  
d i s t r i c t  of t h e  Philadelphia Water Department and t he  Champaign-Urbana system of 
the  Northern I l l i n o i s  Water Corporation. Comparative demands a r e  given i n  Table 1. 
The g r ea t e r  v a r i a b i l i t y  of t h e  Champaign-Urbana demands i s  evident .  The hypothetic 
s torage required  f o r  the  peak day i s  the maximum accumulated d i s p a r i t y  between 
the peak day demands and hypothetic uniform pumping a t  the  peak day average, a 
parameter used f  requ-ently i n  prel iminary app ra i s a l s  of s torage requirements. 
The d a i l y  average demands a r e  graphed chronological ly i n  Figures 1 and 2 
f o r  Belmont Eigh service  and Champaign-Urbana, r e spec t ive ly .  Although the  ordinate  
sca les  used d i f f e r ,  it may be noted t h a t  t h e  d a i l y  averages f o r  Champaign-Urbana 
f l uc tua t e  over a wider range and f o r  a  g r ea t e r  time. 
I n  Figures 3 and 4 t h e  d a i l y  averages f o r  Belmont high se rv ice  and 
Champaign-Urbana, respectively,  have been p l o t t e d  by rank i n  the  form of durat ion 
curves. Also shown i s  the  maximum and minimum hourly demand f o r  each d a i l y  average. 
Only the  d a i l y  averages a r e  ranked, not t h e  l a r g e s t  and smallest  hourly demands, 
which a r e  pos i t ioned above and below, respect ively ,  t h e i r  associa ted  d a i l y  
average. The g rea te r  v a r i a b i l i t y  inherent  i n  the  Champaign-Urbana da ta  i s  again 
evident .  
It must be mentioned i n  passing t h a t  the  p l o t s  given i n  t h i s  paper were 
made by using the  computer. Horizontal  and v e r t i c a l  sca les  were made a s  l a rge  a s  
poss ib le  t o  assure  separa t ion of the  p lo t t ed  po in t s .  The consequence i s  
varying s ca l e s ,  p a r t i c u l a r l y  the  ordinate  s ca l e .  Also, the  computer rounds 
values t o  accommodate the  l im i t ed  p l o t t i n g  pos i t ions  ava i l ab l e  i n  p r i n t e r  
columns, and po in t s  which appear t o  have equal value a r e  a c tua l l y  equal  only 
when rounded t o  the  neares t  p l o t t i n g  pos i t ion  value .  A s  a consequence of 
rounding i n  both axes, once a pos i t ion  i s  reserved f o r  p l o t t i n g  a given point ,  
a competitive, equal-valued- (due t o  rounding) subsequent po in t  i s  discarded by 
the computer t o  preclude overprint ing,  and hence t he  number of po in t s  p l o t t ed  f o r  
a given symbol seldom a r e  t he  f u l l  365. 
System Simulation 
The exisking Belmont high service  d i s t r i c t ,  served by a s ing le  pumping 
s t a t i on ,  has  no elevated storage because d i f f i c u l t y  has been encountered i n  
acquir ing a su i t ab l e  s i t e .  The Champaign-Urbana system has two separated 
pumping s t a t i o n s  loca ted  a t  t reatment p l an t s  and t h r ee  widely separated e levated  
s torage  s i t e s .  For demonstration purposes syn the t i c  systems were used which have 
network head l o s s  c h a r a c t e r i s t i c s  t h a t  could e x i s t  f o r  t h e  respect ive  two ac tua l  
systems, wi th  a l l  sendout supplied by one pumping s t a t i o n  and with a l l  e levated  
storage concentrated a t  one se lec ted  s i t e ,  
The head l o s s  i n  f e e t  between pumps and storage s i t e  f o r  the  synthesized 
Belrnont high service  d i s t r i c t ,  ca l l ed  "System A", i s  Ch = Q: (0.08) ( Q ~ I Q ~ ) ' ~  
and f o r  t h e  synthesized Champaign-Urbana system, c a l l ed  "System B" , i s  
2
Zh = Qd ( 0 6 )  ( Q ~ ) Qd Q wasThe funct ional  r e l a t i on sh ip  6h ( Q ~ / Q ~ ) ~  
developed previously  t o  def ine  general ized network character is t ics( ' )*  under 
r e  l i s t e d  a t  end of t e x t ) .  
propor t iona l  loading condit ions ( f o r  propor t ional  loading a l l  l o c a l  demands a r e  
assumed t o  change i n  d i r e c t  propor t ion with the  t o t a l  s e r v i c e - d i s t r i c t  demand). 
Qd i s  the  t o t a l  s e rv i ce -d i s t r i c t  demand (hour ly  values a r e  used he re in )  and % 
i s  t h e  pumping r a t e  o r  input i n t o  the  system. The storage r a t e  i s  Q
S = $ - Qd* 
( ~ l l  a r e  For the  Hazen-Williams equation, would be ra i sed  t o  r a t e s  i n  mgd). Qd 
the  1.85 power i n  the  Ch equations above; t h e  square power has been employed here 
a s  a  convenient expedient, but  network analyses o r  f i e l d  measurements a r e  
reasonably wel l  s a t i s f i e d  with t he  coe f f i c i en t s  of 0.08 and 0.16 and the  square 
power. 
A schematic diagram f o r  the  two systems i s  shown i n  Figure 5. The 
suct ion water l e v e l  was held constant  f o r  both  systems. Althoygh varying suction 
water l e v e l s  could have been incorporated i n  the  operat ing simulations, because 
current  research'( 2 )  ind ica tes  t h a t  suct ion water l e v e l  va r ia t ions  approximately 
synchronised with s torage  water l e v e l  va r ia t ions  can have an almcxst inperceptable 
e f f e c t  on s torage  volume usage, a constant  suct ion l e v e l  was used t o  s i n p l i f y  
simulat ion and the  i n t e rp r e t a t i on  of r e s u l t s .  The operat ing range of elevated 
storage i s  designated by T and t he  d i f fe rence  i n  e leva t ion  between t he  maximum 
storage water l e v e l  a t  M and the  f ixed  suct ion water l e v e l  i s  designated by Y. 
The t ank  i s  assumed cy l i nd r i c a l  with a constant  capaci ty  pe r  foot  given by the  
r a t i o  of s torage  volume t o  T .  The pump t o t a l  dynamic head E a t  any time i s  
P 
equal t o  Y +Ch - y, where y  i s  the  d i f fe rence  between the  tank water l e v e l  a t  
the  given time and t h e  maximum, M. 
The pump cha r ac t e r i s t i c s  used appear i n  Table 2 .  E represents  the  
P& 
pump design head and Q the pump design capaci ty .  The synchronous speeds employed 
pd 
r e s u l t  i n  a spec i f i c  speed N of c lose  t o  3,000 rpm fo r  a l l  pumps used. The 
S 
dimensionless head-capacity cha r ac t e r i s t i c s  of Table 2 a r e  representa t ive  of 
double -suction cen t r i fuga l  pumps f o r  N = 3,000 rpm ( 3 )  The same reference (3)s 
gives pump e f f i c i ency  r e l a t i v e  t o  t h e  peak o r  design e f f i c iency .  A peak wire- to-  
water e f f i c i ency  of 85 pe r  cent was adopted f o r  t h i s  study. The l a r g e r  d a i l y  
demands a r e  met by e i t h e r  two base pumps operated i n  p a r a l l e l  o r  with a specia l ,  
l a rge  pump. 
For numerical computer simulation of hourly operat ion,  continuous system 
balances must be made. The Run A-4 computer r e s u l t s  f o r  Day Number 178, the peak 
day of  demand f o r  System A, a r e  given i n  Table 3. The system balances f o r  a l l  runs 
were s t a r t e d  assuming the  water l e v e l  a t  midnight of December 31, 1962 was a t  M, 
with t he  t ank  f u l l ,  and t he  hourly va r ia t ions  i n  water l eve l ,  pumping r a t e ,  power 
consumption, e t  ce tera ,  were computed i n  order of time sequence through the  year.  
A de t a i l ed  explanation f o r  the  computations i n  a system balance has been 
presented i n  a recent  Journal  a r t i c l e ( 4 ) .  Essen t i a l ly ,  t r i a l  values of &p must be 
assumed u n t i l  the  ca lcula ted  E i s  acceptably c lose  t o  t he  pump cha r ac t e r i s t i c  
P 
curve E f o r  t h a t  t r i a l  $. The computed E i s  a f f e c t ed  by t h e  tank wa.ter l eve l ,  
P P 
which i n  t u r n  depends upon Q the  d i f fe rence  between &p and Qdo The computed E
s9 P 
i s  an approximation of mean condit ions over an hour, obtained by l e t t i n g  7 be the  
water l e v e l  f o r  a  given hour r e l a t i v e  t o  t he  f u l l  water l eve l ,  taken a s  the  mean 
between the  l e v e l s  a t  e i t h e r  end of the  hour, o r :  
One of the  l a r g e s t  s torage deple t ions  f o r  Run A - 4  occurred f o r  Day Number 
178, Table 3, namely 20.6 f e e t  of t h e  25 f e e t  ava i l ab le .  Note i n  Table 3 t h a t  the  
h ighes t  l e v e l  reached, a t  7 a.m., was about th ree  f e e t  shor t  of the  f u l l  l eve l ,  
which contr ibuted t o  the  l a rge  deple t ion of 20.6 f e e t .  However, the  maximum 
deple t ion over the  year f o r  Run A - 4  was 21.5 f e e t ,  on Day Number 190. 
Results ,  Operation Simulation f o r  System A 
A summary of r e s u l t s  f o r  both systems i s  given i n  Table 4. Of immediate 
concern a r e  the  s i x  runs f o r  System A .  The base pump design capaci ty  & f o r  Runs 
pd 
A - 1  through A-4 was s e t  equal t o  t he  average annual demand of 10.75 rngd with a 
design head E of 120.0 f t .  Results  of another s tudy(2)  ind ica te  t h a t  t h e  
pd 
demands of a t y p i c a l  average day f o r  Belmont high service  1963 demands should be 
met by t h i s  base pump with f u l l  s torage  recovery over t h a t  24-hour demand cycle.  
general,  during periods where the  mean d a i l y  demands approximated the  
annual average, f u l l  s torage recovery occurred over most of the  d a i l y  cycles 
involved. Runs A - 1  through A-4 a r e  thus  f o r  a f l o a t i n g  s torage  option.  I n  Runs 
A - 1  and A-2 the  highest  demands a r e  met with two base pumps operated i n  p a r a l l e l .  
Runs A - 3  and A - 4  incorporate a spec ia l  pump with a design capaci ty  equal t o  the 
average demand f o r  the  peak day of t he  year .  ( ~ o t et h a t  the  shutoff  head f o r  the  
spec ia l  pump i s  the  same a s  f o r  t h e  base pump, jus t  a s  would be provided i n  design 
t o  permit  p a r a l l e l  operat ion of a l l  u n i t s .  With the  shutoff  f ixed,  i n  order t o  
s a t i s f y  Table 2 the  E f o r  the  spec i a l  pump must be s e t  a t  120.0 f e e t ,  t h e  same 
as  f o r  t h e  base pump. I n  order t o  preserve a spec i f i c  speed N of about 3,000 rpm, 
S 
the synchronous speed of the spec ia l  pump would have t o  be around 1,000 r p m  a s  
opposed t o  a synchronous speed of around 1,200 rpm f o r  the  base p u q ) .  
Runs A - 5  and A-6 a r e  f o r  a more conservative operat ing option with f u l l  
s torage capaci ty  regained p r a c t i c a l l y  every day. For the  two runs of t h i s  option 
pump design heads must be ra i sed  t o  123.0 f t .  t o  be compatible with r a i s i n g  the  Q
pd 
t o  12.20 mgd. This combination r e s u l t s  i n  f u l l  s torage  recovery while meeting the  
l a r g e s t  demand on the  base pump, which i s  an average d a i l y  of 12.2  rngd. The 
spec ia l  pump f o r  meeting t he  h ighes t  demands i n  Run A-6 i s  s im i l a r  t o  t h a t  for Runs 
A - 3  and A-4, bu t  with the  E revised t o  match t h a t  f o r  the  base pump. 
pd 
I n  studying the  demand da t a  f o r  both System A and System B it was noted 
t h a t  demands l e s s  than the  average d a i l y  genera l ly  pe r s i s t ed  u n t i l  around 6-7 a.m. 
The water l e v e l  a t  6 a.m. each day was se lec ted  f o r  the  purpose of ind ica t ing  
d a i l y  recoverab i l i ty  of s torage,  f o r  a l l  runs.  The meaning of the g r ea t e s t  
depth used over the  year a t  6 a.m. i n  Table 4 i s  thus  evident, but  the  "number 
of days capaci ty  not f u l l y  recovered a t  6 a.m." requ i res  qua l i f i c a t i on .  Because 
the  computations a re  not p rec i se ,  being f o r  hourly averages, and because' a  small 
shortage would be of inconsequential  p r a c t i c a l  importance, it was decided t o  c i t e  
only the  number of days f o r  which t h e  discrepancy a t  6 a.m. was more than l / 2 - f t .  
i n  Table 4, which i s  j u s t i f i a b l e  bu t  somewhat a r b i t r a r y .  It may be noted t h a t  
the  number of days f o r  which capac i ty  was not  recovered a t  6 a . n .  within 1 / 2 - f t .  
i s  p ropor t iona l  t o  the  average dep le t ion  a t  6 a.m. over the  year .  
The maximum capaci ty  of c en t r i f uga l  pumps i s  on the  order of 120 pe r  cent 
of t h e  design capacity.  Cutoff u sua l l y  occurs beyond t h i s  approximate l i m i t ,  
depending of course on suct ion condi t ions  because cutoff  i s  r e l a t e d  t o  the  inception 
of c av i t a t i on .  The g r ea t e s t  Q /Q f o r  a  base pwnp of System A i s  1.17 f o r  Runs 3' pd 
A-2 and A-4. For the  l a r g e r  pump(s) the  g r ea t e s t  Q /Q f o r  System A i s  1 .09 f o r  
P pd 
Run A-6.  Therefore, f o r  a l l  System A runs t he  l a r g e s t  pumping r a t e s  a r e  not  
excess ive .  
Runs A-2 and A-4 a r e  the  same a s  Runs A - 1  and A-3 ,  respect ively ,  except 
t h a t  t h e  base pump i s  permit ted t o  opera te  over a l a r g e r  demand range and hence 
reduces t he  number of days t he  l a r g e r  pump(s) must operate.  The l a rge r  range of 
base pump operat ion na tu r a l l y  reduces the  average horsepower conswrrption over the  
year, bu t  a somewhat g r ea t e r  maximum depth of s torage i s  used, and the  sitorage 
deple t ions  a t  6 a.m. a r e  roughly doubled and extend over about 50 per  cent  more 
days of t h e  year.  The mean annual power consumption of Run A -1 over Run A -2 i s  
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4.3p e r  cent  and Run A -3 over Run A -4 i s  only 1 .8  pe r  cen t .  h he l a r g e s t  d a i l y  
and hourly power consumption f o r  each p a i r  of runs i s  not a f fec ted  by t he  choice 
of t h e  base pump because these  a l l  occurred on the  peak day, Day Number 178).  
These r e s u l t s  ind ica te  t h a t  modest savings i n  annual power consumption obtained 
by operat ing a base pump nearer  the  l i m i t  of i t s  capacity f o r  the  f l o a t i n g  
option might not  be des i rable  from the  standpoint  of operat ional  s e cu r i t y .  
The use of a spec ia l  high-capacity pump t o  meet the  l a r g e s t  d a i l y  
demands, r a t he r  than two base pumps operated i n  p a r a l l e l ,  r e s u l t s  i n  more 
spectacular  average annual power savings: 
Pe r  Cent Reduction i n  Power Consumption 
Average Largest  Largest 
Runs For Year Daily Ave. Hourly 
These savings a r e  not o f f s e t  by any p a r t i c u l a r  s torage u t i l i z a t i o n  disadvantage. 
For t h i s  system the  i n i t i a l  and maintenance savings and convenience of matched 
u n i t s  would have t o  be compared with the  power savings t h a t  would accrue over the  
expected l i f e  of the  pumping un i t s ,  t o  resolve the  i s sue  of se lec t ing  dual  base 
pumps o r  a combination of a base pump and a spec i a l  higher capacity pump f o r  
meeting the  normal demands of System A over t h e  year ,  
Last ly,  consider the  more secure operat ing option represented by 
Runs A-5  and A - 6 :  
Per  Cent Increase i n  Power Consumption 
Average Largest  Largest 
Runs 
- -  -
For Year Daily Ave. Hourly 
A - 5  VS. A-2 11.8 13 .7  14 .1  
A-6vs .  A-4 
The p r i c e  of  d a i l y  storage capacity recovery over the  year i s  not only t he  above 
increases  i n  power consumption but  a l e s s e r  e f f e c t i ve  u t i l i z a t i o n  of s torage 
capaci ty .  Here the  reconc i l i a t ion  between opera t ional  s e cu r i t y  and inherent  
increased power cos t s  becomes more d i f f i c u l t  because secur i ty  may be more of a  
psychological  than a tangible  i s sue .  
The mean d a i l y  pumping r a t e  a a r e  arrayed by magnitude i n  a dura t ion 
P 
curve f o r  Run A-2 i n  Figure 6 and Run A -5 i n  Figure 7, f o r  comparison. The 
l a r g e s t  and smallest  $ f o r  each a t  the  r e l a t e d  p l o t t i n g  pos i t ion  a r e  a l s o  
P P 
shown. 
The mean d a i l y  horsepower consumption a r e  arrayed by magnitude i n  a 
dura t ion  curve f o r  Run A - 2  i n  Figure 8 and Run A - 5  i n  Figure 9, f o r  comparison. 
The l a r g e s t  and smallest  HP f o r  each a r e  a l s o  shovn. 
Figures 10  through 13  include a r r ay s  by magnitude of the  maximum da i l y  
s torage  dep le t ion  l e v e l  f o r  four  of t h e  System A runs.  The average d a i l y  
dep le t ion  l e v e l  and the  deple t ion l e v e l  a t  6 a.m. f o r  the  r e l a t ed  maximum da i l y  
s torage  deple t ion l e v e l  a r e  a l s o  shown. 
Inspect ion of Figures 6 through 13 w i l l  r evea l  some of t h e  d e t a i l  not 
apparent  i n  Table 4. The disadvantage of a dura t ion curve presenta t ion i s  t h a t  
chronological  order i s  destroyed; however, t h e  p l o t s  of the various var iables  
versus day of the  year have not  been included here because only minor meaningful 
inferences  can be drawn from them, wi th  the  severe s c a t t e r  of values obscuring 
t rends  and systematic va r i a t i on s .  Figures 6 through 13, a s  f o r  Figures 1 through 
4, were p l o t t e d  by the  computer and t h e  cautions c i t e d  e a r l i e r  with regard t o  
rounded values and d i s s imi la r  sca les  app l i es  t o  a l l  twelve graghs. 
It should be noted i n  pass ing t h a t  t h e  hypothetic maximum storage 
deple t iun f o r  System A of 20.8-f t .  i n  Table 1was not  even approximately reached 
f o r  Run A-5, Table 4. 
The g r ea t e s t  s torage  depth used during the  year did not  necessa r i ly  
occur a t  the  peak day umber 178), Runs A-1 ,  A-2, A-4 and A-5 .  
Results,  Operation Simulation f o r  System B 
Runs B - 1  through B-6 f o r  System B i n  Table 4 a r e  i n  the  same sequence 
a s  comparable runs f o r  System A, Runs A - 1  through A-6. 
The base pump design c ap a c i t yQ  f o r  Runs B - 1  through B-4 was s e t  
??dl 
equal  t o  t he  average annual demand of 10 .1  mgd with a design head End of 133.0 f t .  
According t o  t h e  r e s u l t s  of another study(2),  the  demands of a t yp i ca l  average day 
f o r  Champaign-Urbana 1963 demands should be met by t h i s  base pump with close t o  
f u l l  s torage  recovery over t h a t  24-hour demand schedule. 
During periods where the  mean d a i l y  demands approximated the  annual 
average, f u l l  s torage  recovery occurred f o r  about two-thirds of the  days involved, 
F u l l  recovery f o r  Runs A - 1  through A-4 f o r  t he  same c r i t e r i a  was more extens ive ,  
The d i f fe rence  i s  occasioned by a g rea te r  v a r i a b i l i t y  from day-to-day and hour-to- 
hour i n  t he  Champaign-Urbana demands. More w i l l  be s a i d  about t h i s  l a t e r ,  with 
regard  t o  Runs B-7 and B-8. Nevertheless, Runs B-1  through B-4a r e  f o r  a f l oa t i ng  
s torage  option.  I n  Runs B - 1  and B-2 t he  h ighes t  demands a r e  met with two base 
pumps operated i n  p a r a l l e l .  Runs B - 3  and B-4 in~rolve  use of a spec ia l  pump 
wi th  a design capacity equal t o  t he  average demand f o r  the  peak day of the  year,, 
Runs B-5 and B-6 a r e  f o r  a more conservative operat ing option with f u l l  
s torage  capaci ty  recovery p r a c t i c a l l y  every day. For the  two runs of t h i s  option 
pump design heads must be ra i sed  t o  139.0 f t .  t o  be compatible with r a i s i ng  the  
of the  base pump from 10 . 1  t o  11,3 rngd. 
The g r ea t e s t  Q /Q f o r  a base pump f o r  the  f i r s t  s i x  runs of System 
P pd 
B i s  1.16, f o r  Runs B-2 and B-4; and f o r  the  l a r g e r  pump(s) the  g r ea t e s t  Q /Q
P pd 
i s  1 09, f o r  Runs B-3, B-4 and B-6. These maximum r a t i o s  f o r  System B a r e  
p r a c t i c a l l y  the  same a s  f o r  System A and a r e  not excessive.  
Use of a specia l ,  high-capacity punrp r a t ed  a t  the  peak day mean d id  
not  r e s u l t  i n  a much g r ea t e r  maximum s torage  deple t ion f o r  System A .  I n  Runs 
B-3,  B-4 and B-6 f o r  System B, however, use of a s im i l a r  spec ia l  pump r e s u l t s  i n  
a maximum storage capacity deple t ion wel l  beyond t he  T of 25-f t .  ava i l ab le .  
Runs B-2 and B-4 a r e  the  same a s  Runs B - 1  and B-3,  r&spectively,  
except t h a t  the  base pump i s  permitted t o  operate over a l a r g e r  demand range, 
Overal l  d i f fe rences  between the  two s e t s  of runs a r e  s l i g h t  because the  increment 
of add i t i ona l  pumping range i s  small. Doubling t he  increment t o  meet da i l y  d 
of up t o  11 .7  mgd would r e s u l t  i n  the  l a r g e r  pump(s) running cnly 66 days of the  
year.  Such was not  attempted because t he  storage deple t ions  and maximum pumping 
r a t e s  were a l ready  ' l a rge  f o r  the  11.3 mgd base pump upper l i m i t ,  
I t  should now be noted t h a t  dual  base pumps a r e  operated 82 days f o r  
Runs B-2 and B-4 through B-6a s  opposed t o  only 41 days f o r  Runs A -2 and A-4 
through A -6. This doubling i s  only p a r t i a l l y  due t o  t h e  comparatively higher 
head l o s s e s  of System B, and mostly t o  t he  g rea te r  v a r i a b i l i t y  i n  t he  demands 
used with System B e  Even t he  da i l y  averages f o r  System B a r e  more variable,  a s  
may be noted by comparing t he  quar t i l e ,  dec i lg  and peak day demands i n  Table 1. 
The l a r g e s t  d a i l y  and hourly power consumption f o r  a l l  System B runs 
occurred on the  peak day, Day Number 1 5 8  There i s  no po in t  i n  comparing 
horsepower requirements of a spec ia l  high-capacity pump with dual base pumps 
because t h e  former does not appear t o  be a f e a s i b l e  a l t e r n a t i v e  f o r  System B .  
The small d i f ference  i n  power consumption due t o  r a i s i n g  t h e  base pump d a i l y  d 
supplied from 10 .9  t o  11,3 rngd i s  hardly worth considering. The only obvious 
options remaining a r e  the  f l o a t i n g  option of Run B-2 versus the f u l l  recovery 
opt ion of Bun B-5; 
Per  Cent Increase i n  Power Consumption 
Average Large s t  Largest  
Runs For Year Daily Ave, Hourly 
The p r i c e  of d a i l y  storage capaci ty  recovery over t he  year, jus t  a s  f o r  System 
A, i s  not  only t he  above increases  i n  power consumption bu t  a l e s s e r  e f f e c t i ve  
u t i l i z a t i o n  of s torage  capacity.  The above increases  i n  power consumption a r e  
of about t h e  same order a s  f o r  Run A - 5  versus Run A -2 f o r  System A ,  
-
Mean d a i l y  pumping r a t e s  % a r e  arrayed by magnitude i n  a dura t ion 
curve f o r  Run B-2 i n  Figure 1 4  and,Run B-5 i n  Figure 15, f o r  comparison, Mean 
d a i l y  horsepower consumption 5 a r e  arrayed by magnitude i n  a dura t ion curve 
f o r  Run B-2 i n  Figure 1 6  and Run B-5 i n  Figure 17, f o r  comparison. An a r r ay  by 
magnitude of the  maximum d a i l y  s torage  deple t ion l e v e l  f o r  Run B-2 i s  given i n  
Figure 18, and f o r  Run B-5 i n  Figure 19.  Cautions c i t ed  i n  preceding sect ions  
with regard t o  rounded values and d i s s im i l a r  sca les  a l s o  applg t o  these  
computer p l o t t e d  graphs. 
Runs B-7 and B-8 a r e  i d en t i c a l  with Runs B -2 and B-4,. respect ively ,  
wi th  the  exception t h a t  t h e  pump design head E has been ra i sed  from 133.0 f t .  
ph 
t o  135.0 f t ,  The e f f e c t  of r a i s i n g  E by two f e e t  i s  t o  reduce the  g r ea t e s t  
pd 
s torage  depth used during the  year and the  g r ea t e s t  s torage  depth used during 
t he  year a t  6 a.m. about two f e e t  each. The increase i n  power consumption i s  
a l s o  propor t ional  t o  the  increase  i n  E However, maximum pumping r a t e s  a r e  
pdO 
unaffected;  and ' the  number of days with a def ic iency a t  6 a.m. and t he  average 
s torage  u t i l i z a t i o n s  a r e  decreased propor t ional ly  much more than t he  change i n  
E of 1.5%. One would expect t h a t  f o r  an E of 133*0 f t . ,  lowering Y from 
pd pd 
122.0 f t ,  t o  120.0  f t ,  would have about t he  same e f f e c t  on the  r e s u l t s  a s  f o r  
r a i s i n g  E by two f e e t .  The a r r a y  by magnitude of the  maximum da i l y  storage 
pd 
dep le t ion  l e v e l  f o r  Run B-7 i s  given i n  Figure 20, f o r  comparison with the  Run 
B-2 a r r a y  i n  Figure 18. 
Median pumping r a t e s ,  horsepower consumption and g r ea t e s t  da i ly - s to rage  
deple t ions  f o r  the  por t ion  of the  year over which a s ingle  base pump met the  
system demand a r e  given f o r  a l l  runs of both systems i n  Table 5 ,  The base pump 
median pumping r a t e  f o r  System A i s  c lose r  t o  the  average demand f o r  the  year 
of 10.75 mgd than corresponding values f o r  System B with an average demand f o r  the  
year of 1 0 . 1  mgd, I n  essence, t h e  more var iable  demands used f o r  System B a r e  
simply more const ra in ing on design l a t i t u d e  than f o r  System A ,  The f a i r l y  constant 
horsepower and maximum storage deple t ions  f o r  each of the  two options of both 
systems should be noted i n  Table 5 .  The e f f e c t s  of modest changes i n  base pump 
operat ion on these medians a r e  s l i g h t .  The e f f e c t  of r a i s i n g  E from 133.0 f t .  
pd 
t o  135.0 f t .  f o r  Runs B-7 and B-8 surpr i s ing ly  had an imperceptible e f f e c t  on 
the median pumping r a t e .  
The hypothetic s torage  requirement of 2.18 mg f o r  System B i n  Table 1 
compared wi th  t h a t  f o r  System A implies t h a t  provis ion of a  capacity of about 2 .6  
mg f o r  System B would r e s u l t  i n  about the  same deple t ion i n  Run B-2, f o r  example, 
a s  f o r  Run A-2, Eowever, a s l i g h t l y  l a r g e r  deple t ion occurred f o r  Run B-2 
despi te  use  of a l a r g e r  capaci ty  of 3.0 mg. For Run A-2 on Day Number 190 
(r= 12 .0  mgd) storage was deple ted  11.8 f t .  a t  6 a.m. and had not  been f i l l e d  d 
since Day Number 187 For Run B -2 on Day Number 298 (q= 11.3 mgd) storage 
was deple ted  11 .2  f t .  a t  6 a.m. and had not  been f i l l e d  s ince  Day Number 294. 
For both  runs, s torage requirements were c r i t i c a l  with base pump operat ion because 
of the  sequence of demands met. Peak day storage requirements were not  c r i t i caL  
f o r  seven of the  s ix teen  runs, d e sp i t e  the  hypoth.etic p red ic t ion  t o  the-  %contra.ry. 
Runs B-9 and B-LO were made t o  i l l u s t r a t e  the  e f f e c t  of ava i l ab le  
storage volume. Comparing Run B-9 with Run B-1, a decrease of one-sixth the  storage 
capacity increases  t he  g r ea t e s t  deple t ion only about one-tenth. Comparing Run 
B-10 with Run B-2, a decrease of one-third t he  storage capaci ty  increases  the 
g r ea t e s t  deple t ion only about two-tenths. While these  anre of the  same r e l a t i v e  
order, it i s  important t o  note t h a t  t h e  g r ea t e s t  deplet ions a r e  not  d i r e c t l y  
propor t ional  t o  the  storage capaci ty  made ava i l ab l e .  
The hypothetic maximum s torage  deple t ion f o r  a System B storage 
capacity of 3 mg i s  18 .2  f t . ,  Table 1. This value i s  seen t o  be a poor 
p red ic t ion  f o r  Runs B - 1  thropgh B-8. 
Conclusions 
The following inferences  may be drawn from the  r e s u l t s  presented:  
1, Operation under t h e  d a i l y  f u l l  recovery of s torage  option can 
require  r a t he r  subs t an t i a l  increase  power c'onsumpt ion over t h a t  f o r  the  
f l o a t i n g  s torage  option.  Also, , t h e  f u l l  recovery option makes l e s s  e f f e c t i ve  
use of s torage  capaci ty  ava i l ab l e .  
2, The magnitude of t he  maximum day of demands t h e  base pump i s  
required t o  meet may have a small e f f e c t  on mean annual power consumption bu t  a 
d ispropor t ionate ,  de le te r ious  e f f e c t  on storage recovery. 
3. Employment of mul t ip le  base pumps r a t he r  than a s i ng l e  l a r g e -  
capacity pump t o  meet the  l a r g e s t  demands f o r  the  year will r e s u l t  in much 
l a r g e r  peak day power consumption, o f f s e t t i n g  the  advantages of a  pumping s t a t i o n  
complement of i d en t i c a l  u n i t s .  When the  peak day of demand i s  immediately 
preceded by a near-peak day of demand the use of a s ingle  large-capaci ty  pump 
may not  be p rac t i cab le  because of associa ted  poor storage recovery capab i l i ty .  
I n  t h i s  event, the  use o f 'mu l t i p l e  base pumps i s  the  b e t t e r  choice. 
4. The hypothetic s torage  capacity requirement obtained by assuming a 
constant pumping r a t e  t o  meet t h e  demands of a design day may be very  misleading 
and gr ievously  i n  e r r o r ,  The e f f e c t  of antecedent demands, pump cha r ac t e r i s t i c s  
and system head l o s s e s  can be appraised r e a l i s t i c a l l y  only by means of 
system balances, using+ small time increment, such a s  an  hour, Under some 
circumstances the peak day of demand may not represent  t h e  c r i t i c a l  condit ion 
f o r  maximum storage requirements. 
5. The range of s torage used i s  f a i r l y  i n s ens i t i ve  t o  t he  volume of 
s torage  ava i l ab le ,  f o r  modest d i f fe rences  i n  storage capacity.  Rather d r a s t i c  
changes i n  purnp design head o r  e leva ted  storage e leva t ion  may be required  t o  
achieve mode s t  imp~ovements i n  s torage  recoverab i l i ty  . 
6. Lastly,  demand v a r i a b i l i t y  and/or the  l e v e l  of system head l o s s e s  
can have a profound e f f e c t  on system performance. These e f f e c t s  can be 
evaluated by a system operat ion simulat ion.  Simulation has been shown t o  be 
e n t i r e l y  f e a s i b l e  and i s  recommended a s  a p a r t  of normal design p r a c t i c e ,  
It i s  necessary t o  note t h a t  no a t t e n t i o n  has been given i n  t h i s  
a r t i c l e  t o  service  cons t ra in t s ,  such a s  s a t i s f a c t i o n  of l o c a l  system pressure  
requirements, which could be deciding considerat ions i n  t he  choice of purnp 
design opt ions  u l t ima te ly  adopted, Also, although the  normal demands of the  
demand schedules used could be served by a s i ng l e  base purnp, more va r iab le  
demands would necessa r i ly  require  mul t ip le  u n i t s ,  I n  e i t h e r  case, system 
simulat ion i s  even more j u s t i f i e d  than f o r  the e~amp le s  presented,  
B r ~ c k ' ~ )has indicated  the  f e a s i b i l i t y  of continuous computer 
s imulat ion f o r  opera t ional  control  of rnultiple-sendout, mu l t i p l e - s i t e  equal iz ing 
s torage  d i s t r i b u t i o n  systems, The p r i nc ipa l  purpose i s  determination of the  be s t  
and most economical combinations of pumps (and valves)  t o  be used during 
opera t ion,  The automatic control  system described requires  cont inual  survei l lance  
of f i e l d  da ta  t ransmit ted  ins tantaneously  t o  a computer con t ro l  cen te r ,  The 
type of d i s t r i b u t i o n  system discussed i n  t h i s  a r t i c l e  i s  comparatively simple, 
However, the  object ive  here was t o  i l l u s t r a t e  the  e f f e c t s  various design 
c r i t e r i a  can have on subsequent opera t ion of a system, and opera t ional  control  
was not  an  i s sue ,  It i s  hoped t h a t  more extensive use of system simulat ion w i l l  
be used i n  design. The s impl ic i ty  and value of simulation f o r  design has been 
demonstrated, 
The FORTRAN programs w r i t t e n  by R ,  Prasad f o r  the  IBM 7094 of the  
Univers i ty  of I l l i n o i s  a r e  appended t o  t he  repor t  f o r  t h i s  s tudy(6) .  Included 
a r e :  t h e  program f o r  continuous computation of hourly demand system balances 
over a number of days f o r  system simulat ion;  the  program f o r  demand a r r ay s  and 
p lo t t i ng ;  and t he  program f o r  a r r ay s  and p l o t t i n g  of horsepower, pumping r a t e  
and s torage  water l e v e l s .  
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( ~ f f e c t s  of F i re  Flows o r  Outages n no red) 
BELMONT CHAMPAIGN -
HIGH SERVICE UBBANA 
Average f o r  year, rngd: 
Median Daily Average Demand (equalled o r  exceeded 
h a l f  the  ear), mgd: 
Upper Qua r t i l e  Daily Average De~and (equalled 
o r  excee.ded a quar ter  'of the year) ,  rngd: 
Upper Decile Daily Average Demand (equal led  o r  
exceeded a t en th  of the year) ,  mgd: 
Peak Day Average, mgd: 
Maximum Hour of Peak Day, rngd: 
Ratio, Peak Day t o  Ave. f o r  Year: 
Ratio, Max. H r .  Peak Day t o  Ave. f o r  Year: 
Hy-pothetic Storage Required fo r  Peak Day, mg: 
Hy-pothetic Max. Storage Depletion, f e e t ,  f o r  
T = 25-f t .  and given capacity (mg): 
TABLE 2 
PUMP CHARACTERISTICS 
= 3,000 rpm) 
wire - to -Water 
Efficiency,  
Per Cent 
TABLE 3 
SAMPLE SYSTEM BALANCE FROM COMPUTER OUTPUT 
SYSTEM A (Y  = 115 F t  . ), RUN A -4, 
DAY NUMBER 178 (';~une27,
-
The water l e v e l  a t  the end of the  24th hour f o r  Day Nwnber 177 was 101.94 f e e t ,  The 
pump used has Q = 15.14 rngd a t  E z 120.0 f ee t  w i t h  85% design peak Eff ic iency.
pd pd 
T im e ,  
'd9Hour rngd 
1 11.10 
2 9.10 
3 8.90 
4 8.80 
5 8:go 
6 10.50 
7 13.10 
8 14-80  
9 15.90 
10 17,,50 
11 17.10 
12  19.10 
1 3  17.60 
1 4  17.20 
15 16.80 
-16 18.50 
7 19.90 
18  1g000  
19 19.70 
. 2 0  19.10 
21  17,70 
QP 
(by 
t r i a l ) ,  Ch, 
mgd f ee t  
13.80 23.53 
12.80 25.93 
12.54 25.00 
12.34 23.96 
12.23 22,60 
12.74 19 -14  
13 -48  15.41 
13.91 13.69 
14.23 12.98 
14.68 12.12 
14.77 1.3.03 
15.30 12.02 
15.24 13.94 
15.29 14.78 
1-5031 15.59 
15.75 14.38 
1 6 1 6  13.77 
16.20 15.25 
I-6048 15.20 
16.53 16.37 
16-37  18.36 
Water Y -Water Eff ic iency 
E E Level Level a t  ( rounded 
P P a t  End End of t o  (computed), ( ~ c t u a l ) ,of  Hour, Hour,. Horse - neares t  
fee t  f e e t  f e e t  f e e t  power p e r c e n t )  
1 2 6 . ~ 8  126.12 103.35 11.65 362.63 .84 
130.24 130.28 105.28 9.72 356.24 ,82 
131.23 131,30 107.17 7.83 354.85 -81  
132.06 132.09 109.02 5.98 353.79 .81 
132.48 132.51 110.75 4.25 353,22 .81 
130.48 130.50 111.92 3.08 355.94 .82 
127.43 127.44 360 a 35 .84 
125.58 125.62 111.66 3.34 363.58 .84 
124.21 124.2% 110.79 4 366.31 e 85 
122.17 122.23 109.32 5.68 370.50 - 85 
121.75 121.77 108.11 6.89 371.47 = 85 
119.13 119.20 10'6.13 8.87 3 7 ~ ~ 2 1  - 85 
119.46 119.49 lo4,go l o o l o  376.54 a 85 
119.18 119.26 103.91 1 ~ 0 9  377.09 85 
nlg.10 119.13 103.13 11087 .377.37 85 
116.79 116.86 1 0 1 ~ 7 0  13.30 382.72 .84 
114.50 114.57 99.75 15,25 387.92 -84  
114.27 I-I-4,35 98.29 16.71 388.40 -84  
112.65 112.68 96.61 18.39 391.96 83  
112.31 112.37 95.27 19.73 392.61 83 
11-3,28 113.31 94.58 20.42 390.65 83  
Maximum 16.53 
Minimum 2 = 12  23 
Average Water Level 11.27 
Minimum Water Level = 20.56 ( r e l a t i v e  t o  M)  
Water Level a t  6 a,n = 3.08 
Average Horsepower = 373.00 
Maximum Hourly Horsepower = 392.61 
Minimum Hourly Horsepower = 353,22 
- - 
'PABEYei 
SUMMRRY .OF RESULTS, 1963 DEMAND3 
HOURLY 
AVERWGEBI, MAXIMUM 
STORAGE STORAGE PUMPING 
BASE PUMP 1AROER PE'JMP(S] HORSEPOWER At 6 A.M. UTILIZATIOH RATE 
LAROER PUMP($) GREATEST GREATEST HUMBER LARGEST USAGE DEPLETIOBI BASE LARGERLARGEST 
DAILY MlMBER AVERAGE LARGEST LARGEST Sl!ORAGE DEPra OF DAYS DEPLETION OVER AT PUMP, PUMP(s),OF' FOR
-. 
DAILY HOURLY USED CAPACITY OF EACH YEAR 6 A t M .  
YEAR AVERAGE WED DURING HOT DAY OVER ALL OV!dRSTORAGE cd DAYS AND DURING YEAR FULLY THE YEAR, HOURS, THE 
"OLIMEt $d, EDdd, S W I E D ,  Q,, E ~ ~'OpERA%'ED DAY NO. YEAR AT 6 AM. RECOVERED YEAR,, 

SYSTEM RUN mg mid FGet mgd m i d  G e t  Feet 6 A.M. Feet mgd
fi~~pAT Feet Feet. mgd 
SYSTEM WITH 
BELMONT HIGH 
SERVICE DEMANDS A -1 2.0 10.75 120.0 11.6 21.50" 120. (3 6ei 
SYSTEM ]B WITH 
CHAMPAIGN-
VRBANA DEMANDS B-1 3.0 10.10 133.0 10.9 20.20d 133.0 94 
*: Two beee pumpe. 
TABLE 5 

BASE P W  OPERATION OVER YEAR 

Number 

of Days 

Base 

PW 
RUN Operated 

A -1 297 

A -2 324 

A -3 297 

A -4 324 

A -5 324 

A -6 324 

Median 

Pumping 

Rate, 

mgd 

10.41 
10.48 
10.42 
10.48 
10.47 
10.47 
Median 

Horsepower 

Consumption 

265 

265 

265 

265 

296 

296 

Median 

Greatest Daily 

Storage 

Depletion, 

Feet 

7.28 
8.10 
7.48 
8.36 
2.12 
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(Consfant) 
FIGURE 5 -SCHEMATIC DIAGRAM FOR SYSTEMS A 8 B. 
For System "A": Y = 115 f t., T = 25  f t. for 2mg. of 
capacity, and ~ i ( 0 . 0 8 )Zh = ( Q ~ / Q , ) ~ .  
For System "B": Y.122 ft., T = 2 5  f t .  for 3mg .  of 
capacity,  and Zh = / ~ ) ( Q ~ / Q ,Q: (0.  13. 
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APPENDIX I 

Fortran Program for Demand ( Q ~ )Arrays and Plottings 

by 

R . . Prasad 
~ ~ F ~ ~ ~ ) 
-- 
--- 
-- 
-- 
C 
- ... -.-.-- *- -
Be 1-1 
C -X*** F O R T R A N  ( IBP.'I-7094 ) P R O G R A M  F 3 R  DENlAND A R R A Y S  (-~jbendix--
C - P R C G R A M E O  B Y  R c P R A S A D  I N  JUNE O F
--
1 9 6 4 .  
---
C 
D I M E N S I O N  Q U B A H ( 4 4 4 ) 9 Q D H M X ( 4 4 4 )  e Q D t . 4 M N ( 4 4 4 ) e D A Y ( 4 4 4 ) v Q D B ( 4 4 4 ) 9 A A (  
1444)cBB(444)~CC(444)9DD(444)9QDH(444)qTTLl(l3) 

99 F O R M A T ( 1 3 A 6 )  
100 F O R M A T ( 1 2 X q 1 2 F 5 r l )  
1 0 1  F O R M A T ( 1 2 X 9 1 2 F S e l c F 7 e 2 )
-..-
1 0 2  F O R M A T ( ~ ~ X B F ~ ~ O ~ F ~ ~ ~ B F ~ ~ ~ O ~ F ~ ~ C ~ ~ F ~ ~ ~

1 0 3  F O R M A T ( I 3 9 2 1 4 )  

1 0 4  F O R M A T ( Z ( 2 F 6 . 1 9 4 F 6 . 2 ) )  

1 0 5  F O R M A T ( l H 1 )  --
.--..-- a .-- - .-. - ---- - --.---- -. 
1 0 6  F O R M A T  ( 6 2 H - D A Y  Q D B A R  R A N K  D A Y  QDGAR CDHM 
1 X  Q D H M N / / )  
-- -.---
F N D A Y = N D A Y  

S Q D l 3 A R = O  c O  

D 0 3 0 0 J - =  1  r  N D A Y  , 

R I T 7 e 1 0 0 q  ( Q D H ( I ) o I = I c 1 2 )  

R I T 7 r l O l v  ( Q D H ( I ) c I = f 3 c 2 4 ) 9 Q D B ( J )  

Q D H M N ( J )  = M I N l F ( Q D H M N ( J )  ~ U c > k i (  1 )  
200 S U M = S U M + Q D H (  I 1 
Q D B A R  ( J =SUM/24e 0 
S Q D B A R = S Q D B A R + Q D B A R  ( J  

D A Y  ( J )  =J 

A A ( J )  = Q D G A R ( J )  

B B ( J ) = D A Y ( J )  

C C ( J ) = O D H M X ( J )  

300 D D ( J 1  = Q D H M N ( J )  
-.--. 
Y A V = S Q D B A R / F N E A Y  
C A L L  A R R A Y  ( N D A Y I A A v L ~ U ~ C C ~ D G  
-
-.
D O 2 0 1  I = 1  9 3  
W O T 6 r  1 0 5  
W O T 6 9 9 9 9 T T L l  
Y O T 5 e l a q .  ( D A Y ( J ) B ~ ~ ~ ~ ( J ) V A A ( J ) V Q U B A R ( J ) ~ C C ( J ) ~ D E ( ~ ~ J = N ~ ~ N ~ )  
END 
C
-.-
C 

C -

S U B R O U T I N E  A R R A Y ( N  v A r E 3 9 C e D  

D I M E N S I O N  A ( 4 4 4 ) 9 B ( 4 4 4 ) 1 C ( 4 4 4 ) e D _ ( 4 4 - _ 4 _ )  

N N = N - 1 B(I) ~ T O R E B  

.-=-o=cm. 
C(J)?C(I) 
STORED =D (J) 
D( J)=D(I) 
D(I)STORED 
104 COlVTINUE 
RETURN 
C END 
APPENDIX I1 
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R. Prasad  
F ~ ~ X ~ F ~ ( I F ~ ~ 
---- 
p. 11-1 
C (Appendix 11) 
C **** F O R T R A N  ( I B M - 7 0 9 4 )  P R O G R A M  F O R  S I M U L A T E D  S Y S T E M  POWER :STUDY **** 
C - E PROGRAMED B Y  R o P H A S A D  I N  F E B R U A R Y  O F  1 9 6 5 .  
.-
C 
D I M E N S I O N  Q P ( ~ ~ ) ~ Q D ( ~ ~ ) ~ F S T E ( ~ ~ ) V F S S E ( ~ ~ ) ~ F S S ( ~ ~ ) * A S S E ( ~ ~ ) ~ A S T E ( ~ ~  
l).EPR(25)*EPF(25)rFUNCQP(25)9HF(25)*KTI,ME(25)9HP(25)9WL(25)*EcY(25 
2 F O R M A T ( ~ X ~ F ~ ~ O ~ F ~ ~ O B F ~ ~ ~ ~ F ~ Q O ~ F ~ ~ O Q ~ F ~ ~ O9 2 1 4  ) 

92 F O R M A T  ( 4 F 7 . 5  1 

99 F O R M A T (  1 3 A 6 )  

1 0 2  F O R M A T  ( 3 3 H  H E A D  L O S S E S  WOULD NOT B A L A N C E  I N *  I 4 9 1 4 H  ITERATION~--ZC 

1 1 3 9  6 H  H O U R / / 4 H  Q D = r F 7 e 2 9 3 H Q P = r F 7 e 2 9 1 l H  T D H ( C A L C ) = r F 9 e 2 9 1 1 H  T D H ( A  

2 C T L ) = * F 9 . 2  / 5 0 H  S U G G E S T E D  T O  I N C R E A S E  T H E  NOo . O F  I T E R A T I O N S 9  T I T I )  C 

1 0 3  F O R M A T (  5 4 H 6 I . N  T M V L  N F E E  Y E P D  N S  Q P D  R P M  1 

1 0 4  F O R M A T ( ~ F ~ ~ O ~ F ~ ~ ~ ~ F ~ ~ J ~ B ~ F ~ B ~ ' O F ~ ~ O ~ F ~ P ~ ~ F ~ ~ O 
1 
1 0 5  F O R M A T (  1 4 9  2 1 x 9  2 F 6 e 2 9 4 F 7 e 2 r  2 4 X o 1 4 r F 5 . 0  / )  
1 0 6  F O R M A T ( F 3 e 0 r 2 X o 3 F 6 e 2 ~ 3 X ~ 3 F 7 e 2 9 3 X 9 3 F 7 ( 1 2 9 I 5 )  
1 0 9  F O R M A T ( ~ X ~ I ~ Q F ~ ~ 
1 6 2  F O R M A T ( 9 9 H - T I M E  Q ( U )  Q ( P )  HF 
1 F S T E  A S S E  Y - F S T E  H e P o  EFF 1 
~ ~ F ~ O ~ ~ ~ F ~ ~ ~ P 
T D H ( C )  T D H ( A )  
200 F O R M A T (  6 F 5 . 0 9 3 1 4 )  
228 F O R M A T ( 8 H O D A Y  A V G a F 7 e 2 9 F l o e 2 9 6 H  
1 7 H  H P M X Q ~ H  HPMNI 8 H  

234 F O R M A T ( l H 1 )  

236 F O R M A T ( 1 2 F 6 . 3 r F 4 a O )  

227 K T I M E ( N ) = N - 1  
c-
C 
C * * * *  R E A D S  D A T A  F O R  A G I V E N  S E T  
C 
224 R  1  T 7  9 99 9 T T b  
--
~ I T 7 r 2 0 0 9  Q I N I S S T E I S S R E ~ S S K ~  
Q P M X 9 6 H  Q P M N o 7 H  F S T E M M 9 7 H  F S T E ~ H  
o 2 F 8 e Z r 2 4 H  D A Y  P U M P  1 
-X-++%+*** 
F M I T A H T ~ I T I M , ~ ~  
R E A D  I N P U T  T A P E 7 9 2 3 6 9  ( Q C O E  ( I  ) P I = ~ P M )  
R E A D  I N P U T  T A P E 7 9 2 3 6 9  ( Y ( I ) 9 I = l c M ) c A N S S  
R I T 7 9 2 3 6 r  ( E C Y T ( I ) c I = 1 9 M ) c A N S S  
R I T 7 r 2 9  V O L U ~ F N ~ F F * S T T E I E P U ~ Q P G H ~ A A ~ F S T E ( ~ ~ ) B Q P O ~ ~ N R ~ ~ N R U N  
9 0 1  C O N T I N U E  

N S R P M = A N S S  

EPD=( ( ( O P D / ~ O O ~ ~ ~ ) * + O Q S ) C ~ A N S / A N S S ) * * ~(13333 
A N S =  ( ( E P D ) * - % e 7 5 * A N S S ) /  ( Q P D R / O e 0 0 1 4 4 ) * * 0 ~ 5 0  
N&PM= A N S  
C 
C * *  W R I T E S  I N P U T  D A T A  ***%-%-* 
C 
W O T 6 9 234 
W O T 6 9 2 3 6 9  ( E C Y T (  I )  r I = l  r M )  9 A N S S  
WOT6 ,2369 ( Q C O E  ( I ) * I = l r M l t A N S S  
W O T 6  9236: ( Y ( I ) I I = ~ I M ~ ~ A N S S  
W O T 6 9 2 3 7 r  ( H (  I )  r I = l r M )  
W O T 6 r 2 3 7 9  ( Q ( I )  q I = l r M )  
W O T 6 9 2 3 7 9  ( E C Y T ( I ) r I = 1 9 M )  
Metz Reference ~ o 6 A  
University of Illinoi~! 
B106 NCEL 
208 N.  Bomine Street 
Urbana, Ill~o--

I F  ( Q I N  ) a 4 9 8 5 9 8 5  

84  R I T 7 9 9 2 r  ( F S S ( J )  9 J = 1  724 1 

C 
C *+ C A L C U L A T I O N S  F O R  E A C H  D A Y  S T A R T S  H E R E  ***** 
C 
85 D O  704 L = N R 1 9 N R U N  

R E A D  I N P U T  T A P E  7 9 1 9  ( Q D ( N )  ~ N = 2 9 2 5 )  

3 S U M Q = O e  

D O  5 1 ~ 2 9 2 5  

5 SUMQ= SUMQ+QD ( I 

A V G Q D = S U M Q / 2 4  eO 
P N =  1  eO -
IF ( AVGQD-AA 1 4 0 1 9 4 0 1  , 4 0 2  
402 P N = 2 0 0  
Q P D = Q P D ~  
G O  T O  403 
4 0 1  QPD=QPDW 
- -
403 D O  328 I= 1 9 M 
Q (  I ) = Q C O E  ( I ) * Q P D  

328 C O N T I N U E  

N 2 = 0  

I F  ( N 3 )  1 9 6 9 9 4 9 9 4  

94  F S S E ( 1 = S S T E  

Q P ( N )  = Q U ( N )  
N 4  = 0 
C-
C 
C * HEAD L O S S  B A L A N C r N G  L O O P  S T A R T S  H E R E  *********** 
-- 
---- 
- 
F S S E ( N )  = S S T E  
GO T O  15 
14 D S U C T = ( Q I N - Q P ( N ) ) / s s K  
F S S E ( N ) = F S S E ( J I + D S U C T  
EPF ( N ) =EP 
F U N C Q P ( N 1  = E P R ( N )  - E P F ( N )  
D E L T A = A B S F  ( F U N C Q P ( N 1 
59 W R I T E  O U T P U T  T A P E  6 9  I O ~ ~ I T ~ J ~ Q D ( N ) ~ Q P ( N ) ~ E P R ( N ) Q E P F ( N )  
C A L L  ERROR 
C 
C* * * * *SYSTEMS C H E C K  F O R  O V E R  F L O W  O F  TANKX-3:-%%* 
C 
21 W L  ( N = S T T E - F S T E  ( N )  
E C Y ( N )  = E C Y T ~ ~ Q ~ Q I ~ ~ M P S WT A B ( Q P ( N )  r Q 9  ) 
H P ( N ) = 0.1 7 5 6 * Q P  ( N ) -ZEP /ECY ( N 
-
I F ( W L ( N ) +  c 0 8 1 2 6 ~ 1 0 q10 
L 
C * *  D I R E C T  P U M P I N G  B E G I N S  *%-********* 
A S T E ( N )  = ( S T T E  + F S T E ( J 1  ) / 2 r - -  
HF(N)=Cl*(QP(N)/QD(N))+*FN 

E P R ( N ) = A S T E ( N ) - A S S E ( N ) + H F ( N )  

Q P = Q P  ( N  

E P  = T A B ( Q P  c Q 9 H 9 1 9 1 9  I ~ ~ M I S W  

E P F ( N I =EP 

E C Y ( N )  = T A B ( Q P ( N )  r Q 9  E C Y T l l r l s I l 9 M 9 S W  

-
H P ( N 1 = 0 e 1 7 5 6 * Q P  ( N ) * E P / E C Y  ( N 1 

10 C O N T I N U E  

.A 

C -%+++++**-%HOURLY B A L A C I N G  L O O P  ENDS** * * *  
-
C 
C 
C +t*+* C A L C U L A T I O N S  O F  R E S U L T S  **-%**% 
C 

1 5 1  A Q P  = 0 e  

326 D O  55 J=2925 

55 A Q P  = AQP + Q P ( J )  

A V G Q P  = A Q P / 2 4 e  

S H P  =O o 

S W L = O s  

Q P M X = O  I 

H P M X = O  e 

Q P M N  = l o o ,  

F S T E M N  = 9 9 9 e  
QPMX = M A X  1  F ( QPMX 9 Q P ( I) 1 

Q P M N =  M I N l F ( Q P M N v Q P (  I )  1 

H P M X  = M A X 1 F ( H P M X  IHP (--I1 1 

S H P = S H P + H P (  I )  

S W L = S W L + W L (  I 

7 0 7  C O N T I N U E  

H P A V  = S H P / 2 4 s  _ 

W L A V  = S W L / 2 4  eO 

C --- -- -
C++-%++*+*PRINTS R E S U L T S  F O R  E A C H  D A Y  ****-************* 
LL= ( D A Y / 2 .  1 + a 2  

L T = 2 * L L  

I F ( L T - L  1 7 0 5 9  7 0 6 9  706 
705 W O T 6 9 2 3 4  
703 WR IT E  O U T P U T  T A P E  6 9 162 -- -- .--
7 0 6
-
W R I T E  G U T P U T  T A P E  ~ ~ ~ ~ ~ ~ ( I < T I M E ( N ) ~ Q U ( N ) ~ W P ( N ) ~ H F ( N ) ~ E P R ( N ) ~ E P P ( N ) ~  
~ F S T E ( N ) ~ F S S E ( N ) . W L ( N ) ~ H P ( N ) ~ E C Y ( N ) P N = ~ ~  

W R I T E  O U T P U T  T A P E ~ ~ ~ ~ ~ ~ A V G Q D ~ A V G Q P P W L A V ~ H P A V  

F S T E M N = S T T E -
-
F S T E M N
-
W O T ~ ~ ~ ~ ~ ~ L ~ Q P M X P Q P M N ~ F S T ~ M N ~ F ~ T E ( ~ ) 
~ H P M X P H P M N Q L O P ~ ~ .  

W O T 5 r 1 0 6 9 P N s  A V G Q P  s Q P M X s Q P M N q  H P A V q H P M X 9 H P M N q  W L A V , F S T E ( 7 ) +  

1 F S T E M N P L  

704 C O N T I  N U E  

L 
C *+*% C A L C U L A T I O N S  F O R  E A C H < D A Y  I N  A S E T  E N D S  *** 
C 
GO T O  224 

E N D  

For t r an  Program f o r  Arrays and P l o t t i n g  of Horsepower, 
Pumping Rate (%' and Storage  Water Levels 
by 

R. Prasad  
-- 
- 
- - -- -- - - 
p ,  111-1 
C 
-- - I_+%%eendim 
C * F O R T R A N  ( I B M - 7 0 9 4  PROGRAM F O R  P O W E R  A R R A Y S  %-*** 
C * P R O G R A M E D  B Y  Q e P R A S A D  I N  F E B R U A R Y  O F  1 9 6 5 e  
-.-- . --
C 

D I M E N S I O N  P N ( 4 0 0 )  q Q P A V ( 4 0 0 )  s Q P M X ( 4 0 0 )  ~ Q p P ~ l N ( 4 0 0 )  
-- - - - - --
- 9 h P A V ( 4 0 0 )  r H P I ~ l X ( 4 0 0 ) , ~ -  
1 ~ ~ ) ~ H P M N ( ~ O ~ ) ~ W ~ A V ( ~ ~ ~ ) ~ F S T E ~ H ~ ~ O O ) P F S T E M N ~ ) A Y O O ) ~T T L (  12 )  

C O M M O N  H P A V Y t F S A V t W L A V Y  t E M P 6 A V  q T &  

99 F O R M A T  ( 1 2 A 6  

1 0 4  F O R M A T (  1 H 1 )  

1 0 5  F O R M A T (  1 4 9 . 1 2 A 6 9 3 X 9  I 1  ) 

1 0 6  F O R M A I  ( F 3 e 0 9 2 X 9 3 F 6 e 2 ~ 3 X ~ 3 F 7 e 2 ~ 3 X q 3 F 7 s 2 9 ~ 5 ~ O )  

1 0 7  F O R M A T ( 1 1 9 H - \ RANI<"- Q P A V  Q P M X  

1 QPMN S A Y  PN /
-- .-.--...-. ..-. . .  -. .- . .  

108 F O R M A T ( 1 1 9 H - R A ?dl< H P A V  HPMX 

--
1 H P M N  D A Y  P N  / 1

-.-..-. .. -. .-- - ...... . . - . . . .  

1 0 9  F O R M A T (  1 1 9 H -  RANK ...EM..FG, L l v i P 6 ~  

1 E M P A V  D A Y  P N  
-.-.- - -. -. -- . -.--

1 1 0  F O R M A T ( 1 1 9 H - RANI< E M P 6 H  EI";PM>( 

1 E M P A V  D A Y  PN 
... ........ . . . . . . . . . . . . . . . . . . .  
' 
.. 
/ I
. .  

999 R I T 7 9 1 0 5 9  N D A Y q  ( T T L ( I ) r I = 1 9 1 2  1 9I<OPY 

----- ( P N ( J ) ~ Q P A V ( J ) ~ Q P I " ~ X ( J ) ~ ~ ~ P ~ ~ ~ I \ ~ ( J ) B ~ ~ P A ' ~ ( J ) ~ H P I I / I X ( J ) ~ H P I ' ~ I N ( J ~ ~- - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ............
I? I T7 9 1 0 6 9  .............. 

1 W L A V ( J ) ~ F S T E ~ H ( J ) ~ F S T E M N ( J ) P ~ A Y ( J ) ~ J = ~ ~ N D A Y 
) 
F N D A Y = N D A Y  

S H P = O  e 

S F S M N = O .  

. . -

SLclL=O. 

S F S T E 6 = O 
-

D O 2 0  1J= 1 9 N D A Y  

S H P = S H P + H P A V  ( J1 

SFSMN= S F S M N + F S T E M N ( J )  

-
SWL=S!,UL+WLAV.
-.--- -- --......... 
iJ
-- --.....-. - . . . . . . . . .  

S F S T E G = S F S - I ' E ~ + F S T E ~ I ~( J ) 

201 C O N T I N U E  -.- . 

HPA V Y = S r i P / . F N D A Y  

F S A V = S F S M N / F N D A Y  

W L A \ / Y  = S+/L,/FNBA'Y 

E>lP- . = SFSTE+ /F [d~p -AY- .6 A V  ........ 

I F i K O P Y ) 2 0 3 r Z 0 3 9 2 0 4  

293 I<OP'/= 1 -

204 00202 I = 1  9I<OPY 

WCTG P 1 0 7  . . . . . -. 
....... ....-..... .......................... ..... .. 

C A L L  A R R A N G ( N D A Y I Q P A V I C P M X ~ Q F ; N N B C A Y P P N  ) 

---
' d a T 6
-
9 1 0 4  

' d O T 6 * 9 9 ~ ( 7 ' r L ( I )r
 i=lr12) 

WO'T6 r 1 0 6  

C A L L  A R R A N G (  N L A Y 2 H P A V 2  H P ~ ~ X P  )
i (Pf~1r 'Jq G A Y 9 P N  

WO'i-69 104 

-.-- .- . 
W O T 6 9 9 9 9  (T'TLC 1 )  s I = 1 9 1 2 )  

W O T 6  9 1 0 9  

C A L L  A R H A N G (  N D A Y  9 F S T E P i N ~ F S T E 6 H 9  
WLGL  9EkY  P PN 
WOX2_!-1C) -----

C A L L  A R R A N G (  N U A Y  r F S T E 6 i : i  F S T E M I d i bJLA'Jr D A Y  t PN ) 

202 C O N T I N U E  

., GO T O  999 

E N D  

.. 

S U R R O U T I N E  A R R A N G ~ N D A Y ~ A V G I F I - ~ X ' D ~ M N ~ D A Y , P N) 
----- 
po 111-2 
(Appendix I11) 
D I M E N S I O N  A M X ( 5 ) c  G ( 1 1 1 1 1  q T T L ( 1 2 )  

COMMON H P A V Y P F S A V I W L A V Y  r E M P 6 A V  s T T L  

99 F O R M A T  1 2 A 6 1 
1 0 4  F O R M A T ( 3 0 H - H P A V Y  E M P M X Y  E M P A V Y / 4 F 1 0 . 2 )  
1 0 7  F O R M A T  ~ O X P F ~ ~ G ~ ~ F ~ O ~ ~ ~ F ~ ~ O B F ~ ~ O )  
1 0 8  F O H M A T ( 1 2 0 H l  R A N K E D  P L O T  O F  C O L a 2 4  ) - -X ,TOGETHER W I T H  
1 E R  W I T H  C O L a 3 (  1 - - 0  A N D  C O L e 4 (  I - - *  O F  T H E  T A B L E ( A B 0 V E ) )  
1 0 9  F O R M A T ( I 2 0 H l  U N - R A N K E D  P L O T  O F  C O L e 2 (  1 O F  THE 
1 P R E C E D I N G  T A B L E  R P / 2 / 2 0 / 6 5  e )..-I 
i 3 0 2 0 2 J = 1  9 N D A Y  
-
A A (  J ) = A V G ( J ) -
BL3( J ) = F M X (  J )  

C C ( J = F M N ( J  

U D (  J ) = D A Y ( J )  

EE( J ) = P N ( J )  

R A N I < ( J ) = J  
222 C O N T I N U E  
-
C A L L  ARRAY ( N D A Y ~ A A ~ B B I C C I D U ~ E E )  
W O T ' 6 r 1 0 7 r  (RANK(J)rAA(J)rEB(JyoCC(J)9DD(J)*EE(J) $ J = l r N D A y  1 
W a T 6 9  1 0 4 r H P A V Y P F S A V  W L A V Y  9 E M P G A V  
~ O T G r 9 9 9( T T - L (  I ) 9 I = 1 9  1 2 L  
Mi\ lX= 0e 
Y M N = O e  
Y M ~ = 3 7 0 o  
A M X (  1 ) = A A (  1 '  

A M X  ( 2 =BE3 ( 1 1 

-
A M X ( 3 ) = C C (  1 )  

D 0 2 0 3 1 = 1 93 

2 0 3  XMX= M A X l F  ( X M X PA Y X (  I 1 1 
N X M X = XMX+ 1 rn 
X M X =  N X M X  
XMN=O 	P 

W O T 6 9  1 0 8  

C A L L  P L O T l ( O i l O o 5 9 1 0 ~ 1 0 )  

C A L L  P L O T 2  1
( G ~ Y M X ~ ~ N P X M X P X M N  

D O 2 0 4 I= 1 r N D A Y  

C A L L  P L O T 3 ( 1 t-iX e RANI; ( I1 9 A A  ( I 9 1 ) 

C A LL P L O T 3 ( 1 HO c RANI< ( I 9 68 ( I ) 9 1 1 
234 C A L L  P L O T 3 ( 1 t-l+t9 R A N I (  I I iC C ( I1-9-1 
C A L L F P L O T 4 ( 4 8 9 4 8 H  R A N K E D  P L O T  O F  
--
W o T 6 . 9 9 a ( T T l - ( I ,  
N X M X =  
e I = 1 , 1 2 ]  
A k ( l ) + l r  
XMX=  N X M X  
N X M N =  A A ( N D A Y )  
X M N = N X M N  
W O T 6 . 1 0 9  
C A L L- . .. 
--- -. .-.-
PLOT^ ( 0 r 1 0 9 5 ~ 1 0 9 1 0 )..-
C A L L  P L O T 2  ( G I Y M X I Y M N ~ X M X I X M N  
D 0 2 0 5 1 = 1 9 N D A Y  
2 0 5  C A L L  P L O T ~ ( ~ H X I D A Y ( I ) P A V G (1 1 4  
u F P L O T 4 ( 48&!.-. UN-RANKEQJ'LOT OF_ 
W O T G r 9 9 9 ( T T L ( I ) o I = l r 1 2 )  
R E T l J R N  
END 
-
C 
C 
C 
S U B R O U T I N E  A R R A Y ( N  P A I B P C ~ D  r E )  
c-
----- 
C 
D I M E N S I O N  A ( 4 4 4 ) ~ B ( 4 4 4 ) r C f 4 4 4 ) 9 0 ( 4 4 4 4 ) c E ( 4 4 4 )  
O ( I ) = STOREL3
--.- .-
S T O R E C = C  ( JI 
C(J)=C(I)

. --
C ( I ) = STOREC 
104 	C O N T I N U E  
RETURN 
END 
APPENDIX IV 
PUMPED EQUALIZING STORAGE OPERATING OPTIONS 
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PUMPED EQUALIZING STORAGE OPERATING OPTiONS 
There a r e  two b a s i c  ways i n  wh ich  equal i z i n g  s t o rage  can be used by 
t h e  o p e r a t o r  o f  a s e r v i c e  d i s t r i c t  w i t h  a pumped supp ly .  E i t h e r  t h e  s t o rage  i s  
un regu la ted  and g b f l o a t s i o  on t he  system f o r  an extended p e r i o d  o f  t ime  u s i ng  a  
f i x e d  pump ing schedul  e  o r  t h e  s to rage  capac i t y  i s recovered perhaps once each day 
by man i p u l a t i n g  t h e  schedule  o f  pumping u n i t s .  Fo r  e q u a l i z i n g  s t o rage  t o  a c t  
as an a u x i l  i a r y  ' ' s i l e n t  pumping s t a t i o n i 8  t h e r e  must be minimum o f  s upe r v i s o r y  
c o n t r o l  o ve r  s t o r age  u t  i l i z a t  i on .  indeed, remote c o n t r o l  o r  au toma t i c  o p e r a t i o n  
i s  f a c i l  i t a t e d  when supe r v i s o r y  commands a r e  few and uncomp l i ca ted .  F u r t h e r ,  
as pumping r a t e s  become more un i f o rm ,  o v e r a l l  pump performance approaches maximum 
e f f i c i e n c y  and energy c o s t s  a r e  minimized, 
Near -un i fo rm pumping over  a s e r i e s  o f  days can b e s t  be ach ieved by  
p e r m i t t i n g  equal  i z i n g  s t o rage  t o  f l o a t  on t h e  system. As a consequence, t h e r e  
w i l l  be days when f u l l  s t o rage  c apac i t y  w i l l  n o t  be recovered,  I f  t he  ope r a t o r  
i n s i s t s  on complete  recovery  o f  c apac i t y  each day,  f o r  standby p r o t e c t i o n  a g a i n s t  
an ou tage  o r  o t h e r  u np r ed i c t ab l e  emergency, t h e  o ve r a l  l cos t  o f  pumping wi 1 l 
ne c e s s a r i l y  i nc rease .  
The r e s u l t s  f rom a  s tudy  o f  t he  d i f f e r e n c e  i n  power requ i rements  
between t he  u n r e s t r i c t e d  and f u l l  recovery  o p t i o n s  w i l l  be desc r i bed  f o r  a 
p a r t i c u l a r  system. 
System De s c r i p t i o n  
The system employed i s  a s y n t h e t i c  case. However, ne twork  head l o s s  
c h a r a c t e r i s t i c s  and demand schedules o f  an a c t ua l  system, the  P h i l a d e l p h i a  Water 
Depar tment ' s  Belrnont H igh Se r v i c e  D i s t r i c t ,  have been adopted t o  assure a 
r e a l  i s t i c  s imu l a t i o n .  The a ' r t e r i a l  network  i s  shown i n  F i g u r e  1 .  From network  
a n a l y s i s  r e s u l t s  f o r  t he  F i g u r e  1 p i p i n g ,  t he  head l o s s  i n  f e e t  between pumps 
2 4 
and s t o rage  s i t e ,  Ch, i s  c l o s e l y  approx imated by Ch/Qd = 0.08 ( Q ~ / Q ~ ), from a 
re1 a t  i o n  p r e v i o u s l y  developed t o  d e f i n e  genera l  i zed  ne twork  head 1 oss  
( 119: 
c h a r a c t e r i s t i c s  under p r o p o r t i o n a l  l o a d i n g  cond i t i ons ,  For p r o p o r t i o n a l  
l o a d i n g  a l l  l o c a l  demands a r e  assumed t o  change i n  d i r e c t  p r o p o r t i o n  w i t h  t he  
t o t a l  s e r v i c e - d i s t r i c t  demand, Qd i s  t he  t o t a l  s e r v i c e r d i s t r i c t  demand and Q  
P 
i s  t he  pumping r a t e  o r  i n pu t  i n t o  t h e  system. The s t o rage  r a t e  i s  Q 
S = Qp - Qd. 
( A l l  r a t e s  a r e  i n  m i l l  ion  g a l l o n s  per day) .  
A  schemat ic d iagram o f  t he  system i s  shown i n  F i g u r e  2 ( a ) .  The s u c t i o n  
wa te r  l e v e l  was h e l d  cons tan t .  A 2  m.g, e l e va t ed  s t o rage  tank  w i t h  a  25 f t ,  
o p e r a t i n g  range, 8 ,  was used, w i t h  a d i f f e r e n c e  i n  e l e v a t i o n  between maximum 
wa t e r  1 eve1 and s u c t i o n  wa te r  l e v e l ,  Y ,  f i x e d  a t  1 1 5 - f t .  The t ank  was assumed 
c y l  i n d r i c a l ,  w i t h  a  c apac i t y  o f  0.08 mg / f t .  Pump t o t a l  dynamic head, E i s  
P '  
equal  t o  M + Ch - y ,  where y  i s  t he  d i f f e r e n c e  between the  wa te r  i e v e i  a t  a  
g i v e n  t ime  and t h e  maximum. 
The pump c h a r a c t e r i s t i c s  used appear i n  Tab le  1 ,  A d e s i gn  pump head, 
E o f  1 1 3 . 6 f t .  w i t h a s h u t o f f  h e a d o f  152.5 f t .  was used t h roughou t ,  W i t h  t h e  
pd ' 
t a n k  h e i g h t ,  Y, t h e  pump des i gn  heads E and s h u t o f f  head f i x e d  i t  was necessary
PC~' 
t o  f i n d  t h e  pump des ign  c apac i t y ,  , needed t o  s a t i s f y  requ i rements  f o r  t he  
o p e r a t i n g  o p t i o n s  s t ud i ed .  The same s p e c i f i c  speed was used f o r  a l l  pumps and 
hence t h e  shape o f  t h e  head cu rve  was cons tan t  ( 2 y 3 3 4 ) ,  F i g u r e  3 .  Only  cons tan t -  
speed performance was cons ide red .  
* : ( ~ e f e r e n c e s  a r e  1 i s t ed  a t  end o f  t e x t )  ,. 
Demand Schedules 
A schedule  o f  h o u r l y  demands f o r  a 1957 t y p i c a l  average day and f o r  t he  
maximum day o f  r eco rd  f o r  1953-1957 f o r  t h e  Belmont H,S. D i s t r i c t  were  employed. 
The d u r a t i o n  cu rve  o f  h o u r l y  demands f o r  1957 i s  p resen ted  i n  F i g u r e  4.  Th i s  
cu r ve  has appeared p r e v i o u s l y  i n  t he  Journa l  ( 5 ) ,  where i t  was a1 so shown t h a t  
t h i s  d u r a t i o n  cu rde  i s  q u i t e  t y p i c a l  o f  t h i s  s e r v i c e  d i s t r i c t .  As an exped ien t ,  
o n l y  "90% o f  average dayss and "110% o f  average dayii demand schedules have been 
used i n  a d d i t i o n  t o  t h e  t y p i c a l  average day and maximum day, As an exped ien t ,  
t h e  90% and 110% o f  average day demand schedules were a r b i t r a r i l y  d e r i v e d  by 
sca l  i ng  t h e  h o u r l y  demands f o r  t h e  t y p i c a l  average day up o r  down. 
Et may be no ted  i n  F i g u r e  4 t h a t  t he  90% and 110% o f  average day demands 
a r e  t he  extremes f o r  8/10 o f  1957. Yet  t he  demand range i s  so smal 1 t h a t  by 
u s i n g  equal  i z i n g  s t o rage ,  demands f o r  8/10 o f  t h e  year  o r  more can be met w i t h  a 
s i n g l e  pump. 
Sys tem Bal ances 
A system ba lance  i s  e s s e n t i a l  l y  an i n v e s t i g a t i o n  o f  o p e r a t i o n a l  
f e a s i b i l  i t y ,  be i ng  an hour-by-hour  s imu l a t i o n  o f  an a n t i c i p a t e d  o p e r a t i o n  schedule .  
A t  one t ime ,  system ba lances were bes t  ob ta i ned  u s i n g  t r i a l  comb ina t ions  o f  Q
P 
f o r  success ive  Q on a Over t r i a l  runs were M c l l r o y  ~ n a l ~ z e r ( ~ ' .  s i x t y  Ana l yze r  d 
r e q u i r e d  t o  ba lance  one p a r t i c u l a r  day o f  demand. Use o f  t h e  genera l  i zed  head 
rn nl o s s  c h a r a c t e r i s t i c  r e l a t i o n ,  Ch/Qd = O ( Q ~ / Q ~ )  f o r  p r o p o r t i o n a l  l o ad i ng ,  was 
l a t e r  shown(6) t o  f a c i l  i t a t e  system ba l an c i ng  because a minimum o f  o n l y  two o r  
t h r e e  ne twork  ba lances a r e  necessary  t o  determine B and n ,  t he  use o f  wh ich  
pe rm i t s  d  i r e c t  computa t ion  o f  Ch f o r  a1 l p r a c t i c a l  sendout-demand comb ina t ions .  
The t a b u l a r  p r e sen t a t  i o n  f o r  t he  example presented i n  r e f e rence  6 has a1 so been 
0,
g i v en  i n  g r aph i c a l  f o rm  
A system ba lance  example i s  g i ven  i n  Tab le  2,  The demand schedu le  i s  
-
f o r  t h e  t y p i c a l  average day, w i t h  a  mean demand r a t e ,  Qd9  of  9 .3  mgd. The pump 
des i gn  c a p a c i t y ,  used i s  9 . 8  mgd. The term (Q - a d ) / l e 9 2  i s  t h e  change i n  
QPd P  
tank  wa te r  l e v e l  ove r  an hour f o r  a  tank  c apac i t y  o f  0 .08 mg / f t . ,  o r  (mgd x 25 f t . ) /  
(24 h r .  x 2 mg) =mgd/1.92, i n  f e e t ,  where Q - Qd = Qs i s  t h e  r a t e  e n t e r i n g  o r  
P 
l e a v i n g  t h e  tank .  L e t t i n g  7 be t h e  wa te r  l e v e l  r e l a t i v e  t o  t h e  f u l  1 wa t e r  l e v e l  
f o r  a g i ven  hour ,  approx imated by  u s i n g  t h e  mean between t h e  l e v e l s  a t  e i t h e r  end 
o f  t h e  hour ,  y t  and y  F i g u r e  2 ( b ) ,  t h e  average pump t o t a l  dynamic head f o r  
t + 1 ,  
t h a t  hour  becomes: 
-
E = Y +?Ch - y  ( "Ca lcu la ted" ) .
P  
T r i a l  va lues  o f  Q t o  meet a g i v en  h o u r l y  demand must be assumed u n t i l  t h e  
P 
c a l c u l a t e d  E i s  accep tab l y  c l o s e  t o  t h e  E o f  t h e  pump c h a r a c t e r i s t i c  cu r ve  f o r  
P , P 
t h a t  t r i a l  Q . Sample t r i a l s  a r e  d e t a i l e d  i n  Tab le  2:(a) f o r  t he  0-1 hou r  o f  
P 
Tab le  2 .  Resu l t s  f o r  t r i a l s  A ,  B and C a r e  p l o t t e d  i n  F i g u r e  2 ( c ) .  I n  gene ra l ,  
t r i a l s  were con t inued  u n t i l  t h e  Q t o  t he  nea res t  0 . 1  mgd, was found f o r  which 
p 3  
t he  c a l c u l a t e d  E was c l o s e r  t o  the pump curve .  A s  i n  Tab le  2 ,  s a t i s f a c t i o n  o f  
P 
each hour  o f  demand must be ob t a i n ed  by ba lances i n  sequence because t h e  7 f o r  a  
g i ven  hour  i s  dependent on t h e  t ank  wa te r  l e v e l  a t  t h e  end o f  t h e  p reced ing  hour .  
I t  may be no ted  i n  pass ing  t h a t  t h e  segment B-C-A i n  F i g u r e  2 ( c )  i s  p a r t  o f  t he  
system-head cu rve  f o r  hour 0 -1 ;  t h e  system-head cu rve  f o r  each hour  i s  d i f f e r e n t .  
The z e r o  t ime  f o r  a l l  ba lances was taken a t  t h e  p o i n t  where t h e  h o u r l y  
demand f i r s t  exceeded t he  average demand f o r  t h a t  day, t h e  t ime  when commencement 
o f  s t o r age  d e p l e t i o n  would  be expected.  For t he  t y p i c a l  average day t h i s  would 
se t  t h e  s t a r t i n g  p o i n t  a t  around 6 : 3 0  a.m. and f o r  t h e  maximum day a t  8:30 a.m. 
W i t h  the giiven system c h a r a c t e r i s t i c s ,  a desigr! pumping r a t e ,  Qpd , o f  
9 , 8 m g d ,  f o u n d b y u s i n g  t r i a l  v a l u e s o f  Q i s  r e q u i r e d f o r  r e f i l l i n g  t h e  
pd " 
s t o r a g e  a t  t h e  end o f  t h e  24-hour p e r i o d  f o r  t h e  t y p i c a l  average day demand 
schedu le ,  T a b l e  2 .  Tab le  3  c o n t a i n s  t h e  system ba lance f o r  t h e  same demand 

-

schedule  b u t  w i t h  Q = Qd = 9 . 3  mgd. More i s  taken o u t  o f  s t o r a g e  than i s  pd 

r e p l a c e d  and t h e  wa te r  l e v e l  a t  t h e  end o f  t h e  demand p e r i o d  i s  2 . 4  f t .  below 

-

t h e  maximum wate r  l e v e l .  has been found t h a t  f o r  Q = = 9 .3  rngd i f  'l( ~ t  Qd
pd 
were changed f r o m  115 f t .  t o  112 f t .  t h e  s t o r a g e  would  be r e p l e n i s h e d  a t  t h e  end 
o f  t h e  24-h r .  p e r i o d ,  w i t h  a dep th  range o f  10.7  f t .  b e i n g  used. For t h e  o r i g i n a l  
Y o f  115 f t . ,  t h i s  means t h a t  an i n i t i a l  d e f i c i e n c y  o f  3 f t .  would  be e x a c t l y  
r e s t o r e d  t o a 3  f t .  d e f i c i e n c y a t  t h e e n d o f  t h e 2 4 - h r .  u s i n g  t h i s  Q w i t h a  
pd ' 
l o d e s t  w a t e r  l e v e l  about  14 f t .  below the  t o p  w a t e r  l e v e l ) .  For  computat ions 
i n v o l v i n g  f u l l  s t o r a g e  e q u a l i z a t i o n ,  i t e r a t i v e  t r i a l s  on Q were t e r m i n a t e d  when 
pd 
t h e  f i n a l  w a t e r  l e v e l  was about  1/4 f t .  f rom t h e  f u l  l l e v e l ,  
9t may be no ted  i n  e i t h e r  Tables 2 o r  3 t h a t  t h e  h o u r l y  demands f o r  the  
t y p i c 3 1  average day v a r y  between 5 , 1  mgd and 12,3 mgd. To p r o v i d e  t h i s  range 
w i t h  d i  r e c t  pumping, and have reasonab le  I ' t r imming e f f  i c i e n c y Y 8 ,  a t  l e a s 1  t h r e e  
pumps o f  d i f f e r e n t  des ign  c a p a c i t y  would  p r o b a b l y  be r e q u i r e d .  When p o s s i b l e ,  t h e  
idea l  s i t u a t i o n  i s  t o  p r o v i d e  one pump, o p e r a t i n g  a t  a r a t e  near  the average demand, 
w i t h  t h e  v a r i a t i o n  l a r g e l y  b e i n g  taken by f l o w  i n t o  and f r o m  e i t h e r  e levaxed  
equal i z  i n g  s to rage  o r  ground equal i z  i n g  s t o r a g e  by means o f  booster -  pumping, 
Summary, System Bal ance Resul t s ,  Normal Demands 
E leven s e l e c t e d  system ba lance  r e s u l t s  a r e  summarized i n  T a b l e  4. O f  
immediate concern a r e  t h e  f i r s t  s i x  runs,  B a s i c a l l y ,  two a l t e r n a t i v e s  have been 
e x p l o r e d .  The f i r s t  i s  concerned w i t h  a base pump which woul d  exact1  y  r e f  i l 1 the 
s t o r age  t a n k  a t  t h e  end o f  t h e  t y p i c a l  average day 24-h r .  c y c l e ,  run L2 .  W i t h  
t h i s  pump, d i r e c t  pumping would occu r  p a r t  o f  each 24-h r .  p e r i o d  f o r  d a i l y  demands 
ave rag ing  l e s s  than t he  average annua l ,  as f o r  run  L3;  and t h e  tank  c a p a c i t y  
wou ld  n o t  be  f u l l y  recovered f o r  d a i l y  demands averag ing  more than t h e  average 
annua l ,  as f o r  run L l .  
Because some ope ra to r s  a r e  r e l u c t a n t  t o  p e rm i t  f l o a t i n g  a  t a n k  on t he  
system, such as i n  t h e  p reced ing  case, t h e  second a l t e r n a t i v e  s t ud i ed  was 
concerned w i t h  a base pump w  i t h  a des ign capac i t y  wh ich wou ld s a t  is f y  t h e  
l a r g e s t  d a i l y  demands i t  would l i k e l y  have t o  meet, w h i l e  r e s t o r i n g  t h e  s t o rage  
t o  i t s  f u l l  l e v e l  a t  t h e  end o f  t h i s  h i g he r  24 -h r .  demand schedule ,  run H I .  For 
a l l  l e s s e r  d a i l y  demand schedules t h e r e  would  be d i r e c t  pumping a t  l e a s t  p a r t  o f  
t h e  24-h rs ,  , as f o r  runs HZ and H3 ,  l e s s  s t o rage  volume would  be u t i l  i z e d  and, as 
w i l l  be shown, more power would be consumed than f o r  t h e  " f l o a t i n g "  s t o r age  case. 
The ranges o f  o pe r a t i o n  f o r  t he  9 .8  and 11.0 mgd des ign  c a p a c i t y  pumps 
a r e  g i v en  I n  Tab le  5 .  
F i g u r e  5 shows t he  s t o rage  e l e v a t i o n  as a f u n c t i o n  o f  t ime f o r  b o t h  
pumps, f o r  each o f  the  t h r ee  demand schedules.  The co r respond ing  ranges o f  
pumping r a t e s  and heads i s  p resen ted  g r a p h i c a l l y  i n  F i gu res  6 and 7. One p r i c e  
o f  c on t i n uous l y  r e f i l l e d  s to rage ,  e x emp l i f i e d  by F i gu r e  7 ,  i s  a  much l a r g e r  
range o f  pumping r a t e  than f o r  t h e  case where t h e  s t o rage  i s  p a r t i a l  l y  r e f  i l  l e d  
and f l o a t i n g  on t he  system a t  l e a s t  h a l f  o f  t he  yea r ,  F i g u r e  6.  
V a r i a t i o n s  i n  Qp w i t h  t ime  a r e  compared i n  F i g u r e  8 f o r  Runs L2  and H2.  
Run L l a ,  Tab le  4, i s  f o r  an i n i t i a l  t ank  wa te r  l e v e l  o f  169.56 f t . ,  
t h e  f i n a l  wa te r  l e v e l  f o r  Run b l  . B t w i l l  be no ted  i n  Tab le  4 and t he  r i g h t  h a l f  
o f  F i g u r e  5 t h a t  t h e  i n i t i a l  l e v e l  i s  a lmos t  recovered a t  t h e  end o f  24  h r .  
Runs L l  and L l a  s imu l a t e  consecu t i ve  occur rence  o f  two $'110% o f  averageee days. 
Had t h e  two days commenced w i t h  an i n i t i a l  wa te r  l e v e l  around 110 f t . ,  t h e  
l e v e l  a t  t h e  end o f  t he  48 -h r .  p e r i o d  would  n o t  have been s i g n i f i c a n t l y  l ower  
t han  108 f t ,  The main p o i n t  he re  i s  t h a t  when a t ank  i s  p e rm i t t e d  t o  f l o a t  on 
t h e  system t he r e  i s  a tendency towards e q u i l i b r i u m  between i n i t i a l  and f i n a l  
wa te r  l e v e l  s  i n  a ve ry  few d a i l y  c y c l e s ,  However, t he  minimum r e s i d ua l  s t o r age  
a v a i l a b l e  i s  l e s s  than f o r  t he  r e g u l a t e d  o p t i o n ,  
Summary, System Balance Resu l t s ,  Maximum Day Demand 
Equal i z i n g  s t o rage  c a p a c i t y  cou ld  be i n s t a l  l e d  t o  meet o n l y  lower  demand 
1 eve1 s  (e ,  g o, demand r a t e s  up t o  t h e  "1  10% o f  Average Dayw, F i g. 4) , o r  t o  meet 
a l s o  t he  maximum day demands, o r  t o  meet a l l  domest ic  demands p l u s  some p a r t  o f  
t h e  f i r e  f l o w  demand, The s t o rage  c a p a c i t y  f o r  t h e  s imu la ted  system under 
d i s cu s s i on  happens t o  be adequate f o r  mee t ing  t h e  demands o f  t h e  maximum day 
w i t h  a  r e se r ve  rema in ing .  
Separa te ]  y  f rom cons i d e r a 1  ion o f  t he  e x t en t  o f  equal  i z  i n g  s t o r age  
a v a i l a b l e ,  t h e  Na t i o na l  Board o f  F i r e  Unde rw r i t e r s  grades a system on c apab i l  i t y  
t o  meet f i r e  demand f l ows  simul  t aneous l y  w i t h  a domest ic  cqnsumpt i o n  l e v e l  a t  
t h e  mean f o r  t h e  maximum day o f  r e co r d ,  o r  150% o f  t h e  average annual , whichever  
i s  l a r g e r .  A l s o  cons ide red  i n  t h e  g r ad i ng  i s  c a p a b i l i t y  t o  d e l i v e r  these demands 
w i t h  a t  M a s t  t he  l a r g e s t  pumping u n i t  o u t  o f  s e r v i c e ,  There fo re ,  i f  f i r e  p l u s  
domes t i c  demands a r e  s upp l i e d  by a  s i n g l e ,  l a r g e  pump, i t  f o l l o w s  t h a t  a t  l e a s t  
two shou ld  be i n s t a l l e d ,  n e i t h e r  o f  wh i ch  w i l l  o f t e n  be used. 
I iEvery impor tan t  i n s t a l  l a t  i o n  should  be capable o f  mee t ing  t h e  pumping 
requ i rements  w i t h  a t  l e a s t  one u n i t  o u t  o f  s e r v i ~ e ~ ~ ~I n  gene ra l ,  '8' t h e  
p r e f e r r e d  pumping s t a t i o n  complement would  c o n s i s t  o f  a s e t  o f  pumps o f  equal 
c a p a c i t y .  I 'Th is  arrangement r e s u l t s  i n  economy o f  purchase and, because o f  
i n t e r c hangeab i l  i t y  o f  p a r t s ,  economy o f  se rv i ce ,Y i(8' i n  a d d i t i o n ,  o p e r a t i o n a l  
f l e x i b i l  i t y  i s  much g r ea t e r ,  a v i t a l  c ons i de r a t i o n  when remote con t r o l  o r  
au tomat ic  ope ra t i on  i s  a pr ime o b j e c t i v e .  
Four pump capac i t y  a1 t e r n a t  ives f o r  meet i ng  the  max imum day demand 
have been cons idered,  runs M1 through ~ 4 ,  i s  f o r  a s i n g l eTable 4. Run M I  
pump wi t h  capac i t y  equal t o  the hour1 y  average o f  t he  maximum day demand. A t  
t he  end o f  the 24-hr .  c y c l e  the  tank i s  a lmost  9 f t .  below the  f u l l  l e v e l .  
(For  t h i s  pump t o  r e s t o r e  t he  s to rage  f u l l y  would r e q u i r e  l owe r i ng  Y f rom 115 f t .  
t o  about  103 f t . ,  b u t  t he  lowered l e v e l  would be too  low f o r  meet ing normal 
demands s a t i s f a c t o r i l y  w i t h  a  sma l l e r  capac i t y  pump (e .g . ,  Qpd = 9.8 mgd) , 
inasmuch as the  sma l le r  pump would r e f i l l  t h e  s to rage  p remature ly  w i t h  a 
consequent pe r i od  o f  d i r e c t  pumping every  day).  Run M2 was made t o  determine 
t h e  s i z e  o f  a s i n g l e  pump which would e x a c t l y  r e f i l l  t h e  s torage on the  maximum 
day w i t h o u t  a l t e r i n g  the  s to rage  f a c i l  i t y .  The des ign capac i t y  f o r  t he  run  M2 
pump cannot be m b t  by s u b s t i t u t i n g  two base pumps o f  e i t h e r  9.8 mgd o r  11.0 mgd 
capac l t y  each. 
To r e i t e r a t e ,  t h e  use o f  two base pumps, r a t he r  than a s i n g l e  spec ia l  
pump, would be p r e f e r r ed  t o  meet t he  maximum day demands. However, when e i t h e r  
two 9 . 8  rngd pumps ( run  ~ 3 )o r  two 1 1  . 0  mgd pumps ( run  ~ 4 )a re  used, s to rage  
capac i t y  i s  regained i n  l e s s  than 24 h r .  w i t h  a consequent pe r i od  o f  i n e f f i c i e n t  
d i r e c t  pumping. The capac,if  i es  o f  these pumps a r e  o f  course t he  same as were 
used f o r  t h e  L- runs and H-runs, d e s c r i b i n g  two ope ra t i n g  op t i ons  f o r  meet ing 
normal demands. Use o f  e i t h e r  one o f  t h e  base pumps would p rov ide  a c a p a b i l i t y  
f o r  meet ing  80% t o  90% o f  the  demands f o r  the  g i ven  year ,  F i gu re  4. On t h e  
o t h e r  hand, a s i n g l e  h i gh -capac i t y  pump ( runs M I  o r  M2) o r  dual base pumps (runs 
M3 o r  M4) would be operated o n l y  about  10% o f  t h e  year .  I t  appears t h a t  t h e  
i ssue  o f  annual pump ope ra t i n g  e f f i c i e n c y  would p robab ly  always be reso lved  i n  
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terms o f  s e l e c t i o n  o f  t he  base pump, w i t h  which i s  assoc i a t ed  t h e  ma jo r  share 
o f  o ve r a l  l ope r a t i n g  cos t s ,  The inc rease  i n  pumping c o s t  i nhe ren t  i n  t h e  
adop t i o n  o f  dual  base pumps f o r  mee t i ng  peak day demands does n o t  appear t o  be  
n e a r l y  as v i t a l  as f i r s t  c o s t ,  o p e r a t i n g  and maintenance advantages f o r  matched 
u n i t s .  
Near -un i fo rm pumping imp1 i e s  e f f i c i e n t  o p e r a t i o n .  One p r i n c i p l e  
purpose o f  p r o v i d i n g  e l eva ted  s t o rage  i s  t o  equal  i z e  pumping r a t e s .  I f  t h e  
near-un i f o rm  r a t e s  approx imate t h e  r a t e d  pump c a p a c i t y ,  performance w i l  1 be f o r  
near-peak e f f i c i e n c y  and optimum o p e r a t i o n  w i t h  r ega rd  t o  energy c o s t s  w i l l  be 
approached. 
The pumping r a t e  Q and t o t a l  dynamic head E were conver ted  t o  
P P 
horsepower u s i n g  e f f i c i e n c y  r e l a t i o n s  f o r  doub le - suc t i on  pumps w i t h  a s p e c i f i c  
cL3 ,4 )  , - -&Lspeed sf 9 
, v w v  f3i-I" rpm I ur bala i iced system runs p resen ted  f ~ rr -n l lmnr 
c a p a c i t i e s  o f  9.8 mgd and 11.0 mgd. The r e s u l t s  a r e  expressed i n  terms o f  
i n p u t  pump horsepower t imes maximum pump e f f i c i e n c y ,  Tab le  6. I f  a peak w i r e -  
t o -wa te r  e f f i c i e n c y  o f  85% i s  assumed, a l l  horsepower e n t r i e s  d i v i d e d  by 0.85 
would  y i e l d  r e q u i r e d  i npu t  horsepower. The impo r t an t  p o i n t  i s  t h a t  over  t he  
ma jo r  p a r t  o f  t h e  year  t h e  power r e q u i r e d  i s  r e l a t i v e l y  cons tan t  f o r  e i t h e r  
base pump. However, t he  a d d i t i o n  o f  a second pump t o  meet t h e  maximum day 
demands produces a  ve ry  l a r g e  peak. 
Tab le  7 was prepared f rom Tab le  6 da ta  t o  show t he  v a r i a t i o n  i n  
horsepower requ i red on a  da i 1 y  bas i s .  V a r i a t i o n  i n  horsepower requ i rements  
abou t  t he  average day i s  p r a c t i c a l l y  i d e n t i a l  f o r  t h e  two cases. I f  t h e  average 
24 -h r .  horsepower was p l o t t e d  a g a i n s t  pe r  cen t  t ime  t h e  r esu l  t i n g  d u r a t i o n  curves 
wou ld  be a lmos t  p e r f e c t l y  p a r a l l e l .  However, acco rd i ng  t o  we igh ted  Table  9 
va 1ue s , adop t  i on  o f  t h e  1 1 . 0  rngd pumps woul d  requ i r e  an average o f  about  8% 
more power o ve r  t h e  e n t i r e  year  than t h e  9,8rngd pumps. Reca l l  t h a t  t h e  
advantage o f  t h e  1 1  . 0  rngd pumps was f u l l y  recovered s t o rage  a t  t h e  end o f  
eve r y  24-hour  p e r i o d .  The p r i c e  which would  be p a i d  t o  g a i n  t h i s  psycho log i ca l  
advantage i s  hence an inc reased  power consumption o f  about  8% i n  t h i s  example. 
The o b j e c t i v e  o f  u s i n g  the  9.8 rngd pumps would  be t o  f l o a t  t h e  s to rage  on t h e  
system t o  ach i eve  eFonomy i n  pumping power c o s t s ,  b u t  f o r  as much as h a l f  o f  
t h e  year  t he  tank  would  n o t  be r e f i l l e d  comp le te l y  each day.  
Resu l t s  o b t a i n ed  f rom the  p a r t i c u l a r  system and demand schedules 
i l lu s t r a t e d  can be i n t e r p r e t e d  f o r  app l  i c a t i o n  t o  o t h e r  systems o n l y  i n  a 
qua1 i t a t  i ve sense. Other system combinat ions and d i f f e r e n t  demand v a r i a b i  1 i t y  
would  l e a d  t o  e i t h e r  l e s s e r  o r  g r e a t e r  degrees o f  c o n f l  i c t  between t h e  
o p t i m i z a t i o n  o f  pumping cos t s  and ope r a t i o na l  s e c u r i t y ,  
No ment ion  has been made so f a r  about  yea r - t o - yea r  changes i n  demand, 
The i s s ue  between optimum pumping cos t s  and o p e r a t i n g  p rocedure  c ou l d  be 
r eso l ved  as an a dm i n i s t r a t i v e  de c i s i o n  f o r  a system w i t h  s t a b l e  demand schedules.  
Most wa t e r  works a r e  e xpe r i e n c i ng  s t e a d i l y  c l imb i n g  demand r a t e s .  How shou ld  
t h e  o p t  i ons  be tempered t o  meet adequa te ly  n o t  on1 y  p resen t  b u t  f o reseeab le  
f u t u r e  h  i ghe r  demands? Us ing t h e  cases p resen ted  as an example, t he  pump 
complement cou l  d  be purchased w i  t h  cas ings wh ich  would  accep t  impel 1 e r s  capab le  
o f  e f f i c i e n t l y  mee t ing  t he  1 1  . O  rngd pump performance, b u t  i n i t i a l l y  equ ipped 
w i t h  smal l e r  d iamete r  impel l e r s  w i t h  a 9.8 rngd e f f i c i e n t  capab i l  i t y  f o r  
p resen t  s e r v i c e .  T h i s  program would  be f o r  a f l o a t i n g  t ank  opera t ion ,  and 
would  l o s e  some o p e r a t i n g  e f f i c i e n c y  as demands rose  and t h e  tank  became l e s s  
e f f e c t i v e ,  u n t i l  t h e  impe l l e r  was changed. As an a l t e r n a t i v e ,  i f  t he  11.0  rngd 
pump was i n s t a l l e d  i n i t i a l l y ,  f o r  p resen t  s e r v i c e  t he  t ank  would be r e f i l l e d  
d a i l y ,  and as demands rose the t ank  would f l o a t  more and more on t h e  system 
un less  i t  was f i l l e d  each day by  u s i n g  two pumps p a r t  o f  t h e  t ime ,  assuming 
system head- losses *re n o t  r a i s e d  upwards t oo  adverse1 y .  The ques t  i o n  o f  
t he  more economical  o p t i o n  versus t he  more secure o p t i o n  i s  t a c t i c a l  ; and 
t h e  a n t i c i p a t i o n  o f  changing s e r v i c e  i s  a ma t t e r  o f  s t r a t e g y .  I n  b o t h  o f  
these  a thorough eng i nee r i n g  a n a l y s i s  coupled w i t h  sound judgment and 
p r a c t i c a l  i n s i g h t  a r e  e s s e n t i a l .  
Ac tua l  Versus Hypo t he t i c a l  S to rage  Requirements 
Ope ra t i ng  requ i rements  f o r  t he  base pump shou ld  d i c t a t e  s e l e c t  i on  o f  
pump des i g n  head, E i n  terms o f  s t o rage  l e v e l ,  Y .  D e s i r a b l y ,  s t o rage
pd ' 
c a p a c i t y  requ i rements  would  be governed b y  t h e  schedule  o f  maximum demands t o  
be  served.  A  c a p a c i t y  o f  2-mg i s  adequate t o  meet t h e  maximum day demand under 
t h e  varicus cptlons presented,  Figure 9. 
Pre l  im ina r y  es t ima tes  o f  s t o rage  volume requ i rements  a re  commonly 
app ra i sed  by comput ing t h e  maximum accumulated d i s p a r i t y  between demands and 
hypo the t  i ca l  u n i f o rm  pumping ( 8 ' 9 ) 0  For  a  2  mg tank  w i t h  T.=25 f t .  t h e  
co r respond ing  o p e r a t i n g  range i s  22.2 f t .  f o r  cons tan t  pumping on t he  maximum 
day a t  13.9  mgd, F i g u r e  9.  I n  comparison, t h e  maximum day ba lanced system 
-
o p e r a t i n g  range f o r  Q  = Q d  = 13 .9mgd  i s  22.5 f t . ,  r un  M I .  A l t hough  t he  
pd 
range i s  c lose1 y  p r e d i c t e d  by t h e  h y p o t h e t i c a l ,  a t  t h e  end o f  t he  24 -h r .  c y c l e  
f o r  r un  M !  t h e  t ank  i=s 8,.7 f t .  empty, as a g a i n s t  f u i  1 recovery  imp1 i e d  by t he  
-
h y p o t h e t i c a l .  Fo r  t h e  maximum day w i t h  Q = Qd = 13.9  mgd, Y would have t o  
pd 
be r e v i s e d  f rom 115 f t ,  t o  103 f t ,  t o  e q u a l i z e  t he  s t o rage  f u l l y ,  b u t  then 
t h e  range used would be o n l y  16 f t .  (Table  9 )  r a t h e r  than t he  22.5 f t .  o f  run 
M I .  
Fundamenta l ly ,  s t o rage  requ i rements  assessed f o r  h y p o t h e t i c a l  pumping 
schedules may o r  may n o t  be reasonable  es t ima tes .  One must compute t h e  complete 
system ba lance  f o r  a  g iven demand schedule  and system components be f o r e  re1 i a b l e  
es t ima tes  o f  s t o rage  requ i rements  and u t i i  i z a t i o n  can be secured.  
For  t he  Belrnont H.S. D i s t r i c t  t he  r a t i o  o f  maximum day t o  1957 average 
annual demand i s  1 .5 ,  and t h e  r a t i o  o f  the maximum hour o f  t h e  maximum day demand 
t o  the  average annual i s  abou t  2 . 2 .  These r a t i o s  a r e  not  n e c e s s a r i l y  t y p i c a l  o f  
o t he r  systems. Ra ther ,  r a t i o s  as h i g h  as 1.75-3 and 3 - 7  ( l o )  m igh t  be encountetred 
f o r  systems o f  comparable s i z e .  Peak day c h a r a c t e r i s t i c s  o f  t h r e e  d i s t r i c t s  a r e  
compared w i t h  Belmont H.S. i n  Tab le  8. A l so  g i v en  a r e  t h e  r a t i o s  of t h e  s to rage  
volume f o r  h y p o t h e t i c a l  cons tan t  pumping a t  t h e  maximum day average demand 
r e l a t i v e  t o  t h e  maximum day average demand r a t e .  
Fo r  t h e  purpose o f  comparing t h e  e f f e c t  o f  a demand schedule  w i t h  more 
g a r i a b i l  i t y ,  t h e  Royal Oak peak day h o u r l y  demands were p r o p o r t i o n a l l y  s ca l ed  t o  
a  mean o f  13 .9  mgd. Because t h e  h y p o t h e t i c a l  s t o r age  r equ i r e d  i s  r o ugh l y  tw i c e  
t h a t  f o r  Belmont H . S . ,  two 2  m.g. tanks were used f o r  t h e  Royal Oak computat ions.  
The same network  c h a r a c t e r i s t i c s  and E were employed i n  b o t h  cases,  and bo t h  
pd 
a Y o f  115 f t .  used h e r e t o f o r e  and t h e  Y found necessary f o r  s t o rage  equal  i z a t i o n  
a t  24 -h r .  were i n v e s t i g a t e d .  The r e s u l t s  a r e  summarized i n  Tab le  9 .  Fo r  t he  Y 
o f  115  f t .  t h e  t ank  dep th  ranges used a r e  very  c l o s e  t o  those  p r e d i c t e d  by  t he  
h y p o t h e t i c a l  cases;  however, f o r  b o t h  demand schedules t he  tanks would  be  l e s s  
than t w o - t h i r d s  f u l l  a t  t h e  end o f  t he  24-hr .  p e r i o d .  I f  Y i s  changed f r om  
115 - f t .  t o  1 02 . 7 - f t .  f o r  t h e  Belmont H.S. schedule  and t o  9 2 . 1 - f t .  f o r  t h e  Royal 
Oak v a r i a t i o n s ,  f u l l  s t o rage  c a p a c i t i e s  would be recovered a t  t h e  end o f  24 -h r .  
But o n l y  abou t  h a l f  t h e  tank  c a p a c i t i e s  would be used as opposed t o  a lmos t  n ine -  
t e n t h s  p r e d i c t e d  by t he  h y p o t h e t i c a l  cases. Not  o n l y  a r e  t h e  shor tcomings o f  
h y p o t h e t i c a l  p r e d i c t i o n s  e v i d e n t ,  b u t  so a l s o  a r e  the  r a d i c a l  r e . ~ i s i o n s  i n  Y 
r e q u i r e d  t o  ach ieve  f u l l  recovery  o f  s to rage  c a p a c i t y ,  v i z . ,  l owe r i n g  t h e  tank 
( o r  r e v i s i n g  E ) about  1 2 - f t .  and 2 3 - f t . ,  r e s p e c t i v e l y ,  i n  genera l  , t he  
pd 
g r e a t e r  t he  v a r i a b i l  i t y  i n  demand schedule ,  t h e  more v i t a l  a r e  system ba lances.  
Wh i l e  t h e  f o r ego i ng  comparison has i l l u s t r a t e d  t he  e f f e c t  o f  demand 
v a r i a b i l  i t y ,  i t  i s  n o t  i n tended  t o  suggest t h a t  exac t  e q u a l i z a t i o n  o f  maximum day 
demand s t o r age  a t  24 -h r .  shou ld  be a  des ign o b j e c t i v e .  Ra ther ,  t o  r e i t e r a t e ,  
normal c o n d i t i o n s  shou ld  be s a t i s f i e d  i n  des ign ,  w i t h  peak days be i ng  met w i t h  
2 compiement of e qua l - c apac i t y  base pumps, 
Performance o f  a s p e c i f i c  s imu la ted  system has been i n v e s t i g a t e d .  
The system i s  comprised o f  a s i n g l e  pumped sendout,  a  d i s t r i b u t i o n  network ,  a  
s i n g l e  e l e ~ a t e d  s t o rage  s i t e  and a  cons tan t  s u c t i o n  wa te r  l e v e l .  The pump 
s h u t o f f  and des ign  heads have been h e l d  cons tan t ,  as w e l l  as t h e  volume, t o t a l  
depth  and h e i g h t  o f  e l e va t ed  s t o rage .  E s s e n t i a l l y ,  t he  v a r i a b l e  i n v e s t i g a t e d  
was t h e  pump des ign  c a p a c i t y ,  t o  de te rm ine  t he  e f f e c t  o f  t h i s  q u a n t i t y  on 
r e cove r ab i l  i t y  o f  e q u a l i z i n g  s t o rage .  Two o p e r a t i n g  o p t i o n s  were cons ide red :  
f u l  1 r e cove ry  o f  s to rage  eve ry  day by u s i n g  h i g he r  c a ~ a c i  t y  pumps, versus f u l  l 
recovery  ove r  about h a l f  o f  t h e  year  u s i n g  a  sma l l e r  c a p a c i t y  pump and p e rm i t t i n g  
t he  s t o r age  t o  f l o a t  more on t he  system. I n  t h e  example p resen ted  t h e  annual 
power c o s t  f o r  t he  fo rmer  appears t o  be about 8% over  t h a t  f o r  t h e  l a t t e r .  
Concomi tan t l y ,  the  range o f  pumping r a t e s  i s  g r e a t e r  and volume o f  s t o rage  
u t i l  i zed  i s  l e s s  f o r  t he  d a i l y  f u l  1- recodery  o p t i o n .  A s t udy  has been made o f  
t he  r e l a t i o n  between cos t  o f  e l e va t ed  s t o rage  and c o s t  o f  e l e c t r i c  power f o r  
pump~irag a t  D a l l a s ,  Texas. ( 1  1) 
I t has been shown t h a t  t he  a c t ua l  s t o r age  c apac i t y  u t i  1 i z ed  can be a t  
app rec i ab l e  va r iance  w i t h  t h e  amount i n d i c a t e d  by t he  h ypo t he t i c a l  case commonly 
used i n  p r e l  im ina r y  des ign ,  t h e  s t o r age  volume wh ich  would be necessary  f o r  a 
cons tan t  pumping r a t e ,  w i  t h  hydrau l  i c  ba lance o f  t he  system ignored .  I t i s  
e v i d en t  t h a t  t h e  pump-storage comb ina t ion  r e q u i r e d  f o r  f u l l  s t o rage  equal  i z a t i o n  
i s  u n i q u e l y  d i f f e r e n t  f o r  each schedule  o f  demand hav i ng  a  d i f f e r e n t  degree o f  
var i a b i  1 i ty,  as c ha r a c t e r  i sed ,  f o r  example, by t h e  r a t i o  o f  peak hour demand t o  
the  mean f o r  t h a t  day. 
Wh i 1 e equal - s  i zed  pumps have many c o s t  and ma in tenance advantages,  
u s u a l l y  t h e  meet ing  o f  maximum day demands by a complement o f  base pumps des igned 
f o r  normal s e r v i c e  w i l l  r e s u l t  i n  use o f  o n l y  a p a r t  o f  t h e  h y p o t h e t i c a l  s t o rage  
requ i rement  i n d i c a t e d  f o r  i n i f o r m  pumping on t h e  maximum day. 
Choice o f  d i f f e r e n t  pump complements, d i f f e r e n t  tank  e l e v a t i o n s  and 
demand schedules have been shown t o  have p ro found  e f f e c t s  on system performance. 
A1 t e r a t i o n  o f  ne twork  c h a r a c t e r i s t i c s  would  r e s u l t  i n  s i m i l a r  e f f e c t s .  The need 
f o r  a d e t a i l e d  system ba lance  f o r  mu1 t i p l e  pump sendout and/or mu1 t i p l e  s t o rage  
s i t e s  has been recognized,  b u t  t h e  v iew has been s t a t e d  t h a t  "The des i gn  o f  a 
s imp le  system w i t h  one pumping s t a t i o n  and one s t o rage  tank o r d i n a r i l y  would  
n o t  r e q u i r e  a  ba lanced system a n a l y s i s 8 s .  ( I 2 '  From t h e  r e s u l t s  f o r  t h e  examples 
p resen ted  he re ,  t he re  appears t o  be cons i de rab le  r i s k  i nhe ren t  i n  n e g l e c t i n g  t o  
pe r fo rm system ba lances,  r ega rd l ess  o f  system s imp1 i c i  t y .  
Cons ide ra t i on  has been c on f i n ed  t o  constant -speed pumping u n i t s .  
Conf l  i c t i n g  requ i rements  c i t e d  c ou l d  be s u b s t a n t i a l l y  amel i o r a t e d  by u s i n g  the  
new va r i ab l e - speed  e l e c t r i c  d r i v e s  (13) , b u t  t he  amenabil  i t y  o f  speed r e g u l a t i o n  
t o  e f f e c t i v e  au toma t i c  o r  remote c o n t r o l  remains t o  be demonstrated.  
Power cos ts  and pumping s t a t i o n  ope ra t i on  a r e  n o t  the  so l e  cons ide ra t i ons  
i n  s e l e c t i n g  system components. Wh i l e  no t  cons idered here,  s e r v i c e  p ressures  i n  
the  d i s t r i c t  d i s t r i b u t i o n  system would be a f f e c t e d  by the components used. I n  
comparing t h e  me r i t s  o f  ground versus e l eva ted  s to rage  i n s t a l  l a t  ions,  t he  f i n a l  i t y  
and r i g i d i t y  o f  c on t r o l  imposed on a system w i t h  t he  i n s t a l l a t i o n  o f  a tank w i t h  
f i x e d  ope ra t i n g  range has been u n d e r s ~ o r e d " ~ ' .  D i f f  i c u l  t i e s  assoc ia ted  w i  t h  t he  
r e c o n c i l i a t i o n  o f  f i x e d  system components w i t h  a n t i c i p a t e d  increases i n  demand 
have been c i t e d  he re .  No panacea can be o f f e r e d  inasmuch as t e chn i ca l  des ign  
and ope ra t  i on  cons i de r a t  ions must be tempered by superv iso ry  judgment. An 
impor tan t  f a c t o r  c o n t r o l l a b l e  t o  a l a r g e  degree by management i s  the  t o l e r ance  
t o  be pe rm i t t ed  i n  d e t e r i o r a t i o n  o f  f l o w  c o e f f i c i e n t s  be fo re  c r i t i c a l  mains w i l l  
be c leaned o r  c leaned and re1 ined. 
Wh i l e  a v a r i a b l e  suc t i o n  l e v e l  has n o t  been considered i n  t he  
f o r ego i ng  i l l u s t r a t i o n s ,  t h e  same d i s t r i c t  w i t h  the average day demand l oad i ng  
bu t  v a r y i n g  suc t i o n  l e v e l  has been u s i ng  a  pump w i t h  a des ign  
-
capac i t y  Q = Qd = 9 . 3  mgd. For  r e f i l l  i n g  a t  24-hr .  and w i t h  a  suc t i o n  l e v e l  
pd 
range o f  6.7 f t . ,  the necessary tank h e i g h t  Y taken t o  the  mean s u c t i o n  l e v e l  
was 110 f t . ,  as opposed t o  112 f t ,  ment ioned e a r l  i e r  f o r  t he  same c ond i t i o n s  bu t  
a f i x e d  suc t i o n  l e v e l .  The tank depths used were 10.9 f t .  and 10.7 f t . ,  
r e s pe c t i v e l y ,  i . e . ,  no d i f f e r e n c e .  Cu r ren t  research i nd i c a t e s  t h a t  s u c t i o n  l e ve l  
v a r i a t i o n s  approx imate ly  synchronised w i t h  s to rage  wate r  le.vel v a r i a t i o n s  have 
an a lmos t  imperceptable e f f e c t  on s to rage  volume usage. (15) 
Pumping s t a t i o n  head l o s s  has no t  been mentioned as a system v a r i a b l e  
because i t  would be incorpora ted  a long  w i t h  tank appurtenance head l o s s  i n  the  
network head i o s s  term Ch. 
Pump c apa c i t i e s  requ i red  f o r  f u l l  recovery o f  tank s to rage  were 
ob ta i ned  b y  success ive t r i a l  s .  A t  the beg inn ing ,  convergence on proper  
c a pa c i t i e s  was f a c i l  i t a t ed  by exper ience  gained on a number o f  more complex 
balances computed coope ra t i v e l y  by hand w i t h  J .  V .  Radziul  o f  the Ph i l a de l ph i a  
Water Department. Deta i l  s  on e leven  o f  t h e  runs c i t e d  here a r e  inc luded  i n  
an unpub l i shed  r e p o r t ( 1 6 ) .  Th i s  s tudy  was supported i n  p a r t  by U . S .  P u b l i c  
Heal t h  Se rv i ce  Resea?ch Grant WP-526, f rom the  D i v i s i o n  o f  Water supp l y  and 
Pol 1 u t  i on  Cont ro l  , Resul t s  f rom some runs performed i n  a  p r e l  im inary  phase o f  
t h e  research g ran t  i n d e s t i g a t i o n  have been c i t e d ,  f o r  which a computer program 
w r i t t e n  by t he  second au thor  was used. 
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TABLE 1 


Sample Computat ions,  0-1 Hour, T a b l e  2 and F i g u r e  2 ( c ) .  
Tank w a t e r  l e v e l  a t  b e g i n n i n g  o f  hour = 115.00 f t ,  
Mean demand f o r  hour = mgd,= Qd.  
T r i a l  A:  
= 9.6 mgd (assumed) 
QP -
(Qp :- Q~)/I e 9 2  = 0 
Mean t a n k  w a t e r  Bevel = 115,00 f t .  

2

zh = (9 .6)  (0.08) (9 .6 /9 .6 )4  = 7 .37 f t .  
c a l c u l a t e d )  = 115.00 - 0 + 7.37 = 122.37 f t .  
E P  ( 
E ( a c t u a l  , f rom pump curve)  = 1 1 5 . 0  f t .  , too  h i g h .  
P 
T r i a l  B :  
= 8 . 0  mgd (assumed) 
QP -
- Q,)/I .92 = ( -1 .6 ) /1  .g2 = - 0.83 f t .  

(QP 

~ e e nt a n k  w a t e r  l e v e l  = 115.00 - 0.42 = 114.58 f t .  
zh = ( g e 6 ) 2  (0.08) ( 8 . 0 / 9 . 6 ) ~  = 3 .56 f t .  
c a l c u l a t e d )  = 115.00 - 0.42 + 3.56 = 118.14 f t .  
E P  ( 
E ( a c t u a l ,  f rom pump curve)  = 124.9 f t . ,  t o o  l o w .  
P 
T r i a l  6 :  
= 8.8  mgd (assumed) 
QP -
- Q d ) / l  0 9 2  = ( -0 .8) /1  .92 = -0 .42 f t .  (QP 
Mean t a n k  w a t e r  l e d e l  = 115.00 - 0.21 = 114.79 f t .  
4
z h  = ( g 0 6 ) '  (0.08) (8 .8 /9 .6)  = 5.20 f t .  
c a l c u l a t e d )  = 115.00 - 0.21 + 5.20 = 119.99 f t .  
E P  ( 
E ( a c t u a l ,  f rom pump curve)  = 120.3 f t .  ( i n  a f o u r t h  t r i a l ,  
w i t h  Q = 8.9  rngd t h e  d i s p a r i t y  between c a l c u l a t e d  and 
a c t u a l  P i s  l a r g e r ,  so QD = 8 . 8  mgd accepted, Tab le  2 ) .  
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ELEVATED STORAGE. 
FIGURE 2(a -SCHEMATIC OF SYSTEM. 

FIGURE Z(b)-AVERt$GE VdkTEFI LEVEL, DETAIL 
Q mgd9 
-EXAMPLE OF SYSTEM BALANCE, 0-1 HOUR OF TABLE 2 
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FIGURE 4- 1957 DEMAND DISTRIBUTION FOR BELMONT HIGH 
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FIGURE 5 
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FIGURE 8 
BALANCED SYSTEM STORAGE CHARACTER 
AV ERAGE DAILY DEMAND BALANCED WITH 
I pump to ref i l l  ", Run L2,exactly storage o n " ~ v g .~ a y  
Qpd = 9.80 m.g.d. 
I pump to exactly re f i l l  storage on "110 % Avg. ~ a y " ,Run H2, 
Qpd = l l .O m.g.d. 
FIGURE 9 
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MUM D A Y  

-
Hypothet ica l  : Qpd= Constant=13.9m.g.d. = Qd
-
Qpd= Qd  = 13.9 m.g.d., Run M I 

--- Qpd=17.1m.g.d., Run M 2  

F f . . , = = = a  Qpd=l 9.6m.g.d. -2 pumps designed for " ~ v g .~ a y " ,Run M 3  
- - - _ . _ - - Qpd=22.0m.g.d. -? pumps designed for " 1  10% Avg. ~ o y ' :  
Run M 4  
0 4 8 12 20 24 

T I M E  ( h o u r s )  

